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Understanding the role that stress plays on livestock health and production is of utmost 
importance in today’s agricultural industry. In particular, dairy cattle face many stressful 
conditions that have an impact on lactation performance and overall animal health. These stress-
related factors not only affect cattle wellbeing, but also have a vastly negative impact on the 
economic state of the dairy industry. For instance, heat stress (HS) can cost the dairy industry 
between $900 million to $5 billion annually, while mycotoxin contamination issues can cause up 
to $1.7 billion in annual losses. Therefore, this research aims to provide a further understanding 
of the biological effects of two stressors in dairy cattle production systems, nutrition-related 
aflatoxin (AF) challenge and environment-related HS challenge, and help identify potential 
solutions that would alleviate the negative consequences of these stressors. 
 Experiments 1 and 2 were conducted to evaluate lactation performance and inflammatory 
markers in multiparous, lactating Holstein cows during an AF challenge when two separate 
mitigation strategies were implemented: 1.) trace mineral injection, and 2.) dietary 
supplementation of aluminosilicate clay. In the first experiment, 58 Holstein cows were assigned 
to 1 of 3 treatments in a randomized complete block design: saline injection and no AF challenge 
(NEG), saline injection and AF challenge (POS), and trace mineral injection and AF challenge 
(MM). Cows in NEG had lower AF excretion in milk and greater 3.5% fat-corrected milk 
compared to cows in POS. Cows in POS had greater MUN and BUN than cows in MM. Liver 
concentrations of Se and Fe were greater for cows in MM compared to cows in POS. An 
upregulation of liver GPX1 was observed for cows in POS compared to cows in MM. In the 
second experiment, 16 multiparous, lactating, Holstein cows were assigned to 1 of 4 treatments 
in a replicated 4 × 4 Latin Square design with 21-d periods: no adsorbent and no AF challenge 
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(CON), no adsorbent and an AF challenge (POS), 113 g (4 oz) of aluminosilicate clay 
(adsorbent) top-dressed on the total mixed ration (TMR) with an AF challenge (F4), or 227 g (8 
oz) of adsorbent with an AF challenge (F8). Fat-corrected milk increased as concentration of 
adsorbent in the diet increased. There was a decrease in milk aflatoxin M1 (AFM1) concentration 
at d 18 as concentration of adsorbent in the diet increased. Cows in CON had greater 
concentrations of serum cholesterol and plasma superoxide dismutase compared to cows in POS. 
The expression of NFKB1 was greater in liver of cows in POS compared to cows in CON. The 
expression of mTOR was greater in the liver of cows in CON compared to cows in POS. When 
compared with cows in CON, cows in POS had greater odds ratio for hepatocyte inflammation.  
Experiments 3 and 4 were companion studies aimed at evaluating the effects of a 
commercially-available rumen-protected methionine (RPM) source fed to Holstein cows during a 
HS challenge on: 1.) lactation performance and physiological responses, and 2.) metabolic and 
inflammatory biomarkers in blood, as well as immunohistochemical parameters in mammary 
tissue. Thirty-two multiparous, lactating Holstein cows were randomly assigned to 1 of 2 dietary 
treatments [TMR with rumen-protected Met (RPM) or TMR without RPM (CON)], and within 
each dietary treatment group cows were randomly assigned to 1 of 2 environmental treatment 
groups in a split-plot crossover design. The study was divided into 2 periods with 2 phases per 
period. In phase 1, all cows were in thermoneutral conditions (TN) and fed ad libitum. In phase 
2, group 1 was exposed to a HS challenge (HSC). Group 2 remained in TN but was pair-fed 
(PFTN) to HSC counterparts. After a 21-d washout period, the study was repeated (period 2) and 
the environmental treatments were inverted relative to treatments from phase 2 of period 1, while 
dietary treatments (RPM or CON) remained the same for each cow. Cows in HSC had a greater 
increase in vaginal temperature and respiration rate compared to cows in PFTN. Cows in PFTN 
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had a greater decrease in DMI and milk yield compared to cows in HSC. Cows in CON had a 
greater decrease in milk protein concentration for PFTN and HSC compared to cows in RPM for 
PFTN and HSC. Cows in CON for HSC had greater decrease in milk fat concentration compared 
to cows in RPM for HSC. At 8 h post-feeding, cows in PFTN had a greater decrease in PUN 
compared to cows in HSC. At 4 h post-feeding, cows in HSC had a greater increase in plasma 
glucose compared to cows in PFTN. At 8 h post-feeding, cows in PFTN had a greater increase in 
plasma NEFA compared to cows in HSC. Cows in PFTN had a greater decrease in plasma 
insulin compared to cows in HSC at 4 and 8 h. Cows in PFTN had a greater increase in insulin 
sensitivity compared to cows in HSC at 4 and 8 h. Compared to cows in PFTN, cows in HSC had 
a greater increase in plasma SAA, serum haptoglobin, plasma LBP, and plasma IL-1β. Compared 
to cows in CON, cows in RPM had a lower percentage of apoptotic cells and a lower proportion 
of apoptotic to proliferating cells during HSC.  
In conclusion, AF exposure hindered lactation performance, reduced liver function, and 
increased liver inflammation. Subcutaneous injection of trace minerals helped maintain an 
adequate antioxidant response in cows during AF challenge. Aluminosilicate clay had a positive 
impact on milk production and hepatocyte inflammation, while reducing AF transference. 
Furthermore, HSC altered physiological and production parameters, as well as metabolic and 
inflammatory biomarkers in blood. Rumen protected methionine feeding maintained milk protein 
and fat concentration, while aiding mammary cell preservation during a HS challenge.   
Keywords: aflatoxin, heat stress, trace minerals, adsorbent, methionine, liver, mammary gland 
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Understanding the role that stress plays on livestock health and production is of utmost 
importance in today’s agricultural industry. In particular, dairy cattle face many stressful 
conditions that have an impact on lactation performance and overall animal health. These stress-
related factors not only affect cattle wellbeing, but also have a vastly negative impact on the 
economic state of the dairy industry. Stressors can come from a multitude of areas, which 
include, but are not limited to: physiological state, nutrition, and thermal environment. 
Physiological states that may induce stress are the transition period (from pregnancy to 
lactation), as well as the weaning period. Nutritional stressors can include the consumption of 
high concentrate diets that cause sub-optimal rumen environments (i.e., sub-acute ruminal 
acidosis), as well as the ingestion of toxic feedstuffs. Examples of environmental stressors are 
cold, harsh winter conditions, as well as hot, humid summer conditions. It is important to note 
that these stressors can be interrelated to one another, and can often cause compound effects 
when introduced simultaneously. Realizing the specific stressors that dairy cattle are succumbed 
to and understanding their effect on biological and physiological systems allows researchers and 
producers the ability to forge solutions to these devastating problems. In this dissertation, the 
author aims to provide a further understanding of the biological effects of two stressors in dairy 
cattle production systems, nutrition-related aflatoxin challenge and environment-related heat 
stress, and help identify potential solutions that would aid in alleviating the negative effects 







Overview of Lactation 
The physiology of lactation, from calving to dry-off, during normal circumstances is 
critical to understand prior to discussing events that may lead to abnormal physiological function 
during lactation. A standard lactation cycle for dairy cattle consists of 4 main phases: early 
lactation (approximately 0 to 100 d in milk; DIM), mid lactation (approximately 100 to 200 
DIM), late lactation (approximately 200 to 305 DIM), and the dry period (45 to 60 days prior to 
the birth of the next calf; Moran, 2015). Early lactation is characterized by the onset of, and rapid 
increase in milk production once a cow has given birth to a calf. Subsequently, an increase in 
nutrient requirements is essential to maintain increased milk production and maintenance costs, 
and, as a result, the energy density of the diet is often increased during this period to meet the 
cow’s new requirements (NRC, 2001). However, dairy cattle cannot consume enough dry matter 
at this time to meet the nutrient requirements demanded by this abrupt increase in milk 
production, and thus, the animal enters a state of negative energy balance (NEB; Drackley, 1999; 
NRC, 2001). In order to sustain the energy requirements during NEB, the cow must mobilize 
nutrients from body reserves (i.e., adipose tissue and muscle tissue) in order to supply energy for 
maintenance and lactation. As a result, mobilization of nutrients often elicits body weight and 
body condition score (BCS) decreases throughout early lactation (Gallo et al., 1996).  Negative 
energy balance is often characterized by an increase in circulating non-esterified fatty acids 
(NEFA) and ketone bodies (i.e., β-hydroxy-butyrate; BHB) and a decrease in circulating glucose 
and insulin-to-glucagon ratio (Drackley, 1999).  During mid lactation, enough energy is supplied 
via dry matter intake (DMI) to meet the energy required for milk yield and maintenance, thus, 
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the animal is able to maintain a state of positive energy balance. This is often characterized by 
increased circulating glucose and insulin-to-glucagon ratio, and decreased NEFA and BHB 
(NRC, 2001). During this time, DMI peaks and the animal begins to maintain or slightly increase 
body weight and BCS (Gallo, 1996). Additionally, milk yield often begins to decrease during 
this period once peak milk yield is reached. Late lactation is characterized by a steady decrease 
in both milk yield and DMI. During this time, the animal begins to restore body reserves at a 
more rapid rate, as indicated by increased body weight and BCS. Body reserve restoration allows 
the cow to have adequate energy stores for the subsequent lactation cycle (Gallo et al., 1996). At 
approximately 10 months of lactation, cows enter their dry period where they no longer produce 
milk, the mammary gland involutes and recovers for subsequent lactation, and increased energy 
is partitioned toward the fetus for growth. Additionally, energy density of the diet decreases 
during this time to match the decrease in energy required by lactation (NRC, 2001).  
 The lactation cycle described above is a synchronistic event that requires the dairy cow to 
be supplied with a proper balance of all nutrients in order for lactation processes to occur 
unabated. Carbohydrates, lipids, proteins, vitamins, macrominerals, microminerals, and water 
must all be supplied in adequate amounts in order to sustain production and maintenance levels. 
When this occurs, biological functions within the cow occur in an efficient and productive 
manner. However, when cows are introduced to any type of stress, the synergistic body fuel 
balance of the lactation cycle is disrupted, leading to decreased efficiency and productivity.  
Preprandial and Postprandial Metabolism 
 Metabolic events before and after the consumption of a meal are multifaceted. In order to 
maintain a state of systemic homeostasis in regard to circulatory nutrients, the body undergoes a 
coordinated balance between catabolic and anabolic states, otherwise known as the absorptive 
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and post-absorptive states, respectively (Gropper et al., 2009). It is widely recognized that pre- 
and post-prandial blood metabolite concentrations change over time in humans (Takahashi et al., 
2018), pigs (Campos et al., 2019), poultry (Buyse et al., 2002), and ruminants (Jenny and Polan, 
1974; Chase et al., 1977). In a ruminant animal in an absorptive state (approximately 0-4 h post-
feeding), blood concentrations of consumed nutrients and volatile fatty acids are increased. Most 
notably absorptive state blood concentrations are defined by increased glucose, amino acid (AA), 
and volatile fatty acids (VFA; acetate, propionate, and butyrate) concentrations, along with 
increased fat concentration in the lymph (Simkins et al., 1965; Ross and Kitts, 1973; Gropper et 
al., 2009). It has been reported that blood glucose, VFA, and AA reach a peak concentration at 
approximately 3 to 4 h post-feeding (Thye et al., 1970; Bos et al., 2003; Sadri et al., 2017). 
Furthermore, it has been reported that blood insulin concentration peaks approximately 15 m 
post-feeding, as a result of increased pancreatic β-cell secretion (Chase et al., 1977). This rapid 
increase in insulin concentration is necessary, as insulin plays a major role in the regulation of 
nutrient uptake and storage in peripheral tissue. However, the exact concentration change in 
these blood biomarkers is dependent on nutrient composition of the meal consumed. In a post-
absorptive state (approximately 4 to 12 h post-feeding), blood glucose and VFA concentrations 
begin to decrease as a result of reduced substrate availability from the rumen and small intestine, 
as well as increased glucose uptake by peripheral tissue (Gropper et al., 2009). When blood 
glucose concentration reaches below a certain threshold (approximately 50-55 mg/dL in 
ruminants), α-cells of the pancreas release glucagon, a major catabolic hormone, while insulin 
concentration is simultaneously decreased (Kronfeld et al., 1982; Constable et al., 2016). 
Increased glucagon can cause the breakdown of glycogen in the liver in order to maintain 
homeostatic blood glucose concentrations. In some species, glucagon also causes the breakdown 
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of triglyceride in adipose tissue, resulting in increased NEFA circulation in an attempt to supply 
the liver with gluconeogenic substrate.  
As discussed hereafter, physiological and immunological status, as well as environmental 
conditions, considerably change systemic metabolism and play a major role in determining blood 
metabolite concentrations. However, understanding the postprandial time point (i. e., absorptive 
vs. post-absorptive state) in which blood is sampled and assessed is important in determining the 
effects that these conditions may have on metabolism.  
Stress and the Immune System 
 Stress can be defined as the magnitude of forces external to the body which tend to 
displace it’s systems from their resting or ground state (Yousef, 1985). In relation to animal 
agriculture, stress hinders the animal’s ability to produce at the highest possible level. Different 
types of stressors in dairy cattle have been defined by Collier et al. (2017), and include, but are 
not limited to: thermal environment, management, social interaction, nutritional contaminants, 
and disease. Stressors can cause the breakdown of physical and chemical barriers within the 
animal, leading to an influx of pathogens. Pathogens are microorganisms, such as bacteria, 
viruses, yeasts, parasites, and toxins that cause disease when they infect a host (Murphy et al., 
2012). Some pathogens (i.e., bacteria) have pathogen-associated molecular patterns (PAMPs) on 
their surface, which are recognized by pattern recognition receptors (PRR) on the outside and 
inside of cells of the immune system, enacting an innate immune response (Ceciliani et al., 
2012). The innate immune system is non-specific, present at all times, activated rapidly (min to 
h), and consists of complement proteins as well as leukocytes (Murphy et al., 2012). The innate 
immune system is separate from the adaptive immune system, which is highly-specific, takes 
increased time to respond to stimuli (d to weeks), and consists of lymphocytes, such as B- and T-
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cells. When the innate immune system is activated via PRR binding to PAMP, innate immune 
cells release inflammatory cytokines (i.e., TNFα, IL-1β, and IL-6), which cause the release of 
acute phase proteins from the liver, and cause inflammation at the site of infection (Ceciliani et 
al., 2012; Murphy et al., 2012). Inflammation is defined as the local accumulation of fluid, 
plasma proteins, and leukocytes that is initiated by physical injury, infection, or a local immune 
response (Ceciliani et al., 2012; Murphy et al., 2012). Innate immune response and inflammation 
are not inherently bad, and in fact are necessary in ensuring that an animal recovers properly 
from pathogen infection. However, extended periods of immunoactivation and inflammation can 
cause adverse effects on performance. In dairy cattle, the main productive processes hindered by 
prolonged inflammation and immune system activation include growth (i.e., muscle and fat 
deposition), milk and milk component production, and reproductive health. One proposed mode 
of action by which immune activation decreases animal productivity is through the repartitioning 
of nutrients away from productive processes. Specifically, it has been determined that glucose is 
the primary fuel source of an activated immune system (Calder et al., 2007; Palsson-Mcdermott 
and O’Niell, 2013). Kvidera et al. (2017) conducted an experiment that sought to estimate the 
amount of glucose utilized by an activated innate immune system. In that study, the authors 
induced an LPS challenge via jugular infusion of E. coli in lactating dairy cows, and used a 
euglycemic clamp technique to estimate the amount of glucose utilized by challenged cows 
compared to control cows. The authors concluded that approximately 1,092 g of glucose were 
utilized by activated innate immune cells within 12 h post-challenge (Kvidera et al., 2017). 
These data confirm that immunoactivation requires a significant amount of nutrients that would 
otherwise be used for productive biological processes. Therefore it is of great interest to the dairy 
industry to find ways to protect animals from stress conditions in order to maintain profitability. 
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Specific stressors must be identified and their biological and physiological effects on the animal 
explained in order to find ways to protect animals from their negative effects. Two stressors, 
nutrition-related mycotoxin challenge and environment-related heat stress, are explained below. 
Additionally, solutions to minimize theses stressors effects on dairy cattle production, 
specifically the use trace mineral supplementation and adsorbent for mycotoxin challenge and 
the use of rumen-protected AA supplementation for heat stress, are described. 
Mycotoxins and Aflatoxin Challenges 
Mycotoxins are a major area of concern for dairy producers worldwide. Mycotoxins are 
toxins produced by fungi growing on feed crops such as corn grain, corn silage, and cottonseed, 
with the most common being aflatoxin (AF), fumonisin, zearalenone, and deoxynivalenol 
(Flores-Flores et al., 2015; Mitchell et al., 2016). It is projected that 25% of agricultural crops are 
affected by AF, with corn being the primary crop of concern within the United States (FAO, 
2004, Mitchell et al., 2016). A recent survey of the world mycotoxins status revealed that in corn 
grain samples analyzed in North America, 5% were above the risk threshold for AF (2 mg/kg), 
65% were above the risk threshold for fumonisin (500 mg/kg), 33% were above the risk 
threshold for zearalenone (50 mg/kg), and 74% were above the risk threshold for deoxynivalenol 
(150 mg/kg; Biomin, 2018). An estimated $0.11 to $1.68 billion is lost annually due to the 
effects of mycotoxins on corn crops, depending on environmental conditions (Mitchell et al., 
2016). An additional $466 million and $6 million may be lost due to mycotoxin prevention costs 
and livestock losses, respectively (Vardon et al., 2003).  
Aflatoxin is a mycotoxin of particular concern due to its toxic and carcinogenic effects in 
humans and animals. Aflatoxin B1 (AFB1), an aflatoxin derivative produced by Aspergillus 
parasiticus and Aspergillus flavus growing on feedstuffs while in the field or in storage, is 
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hydroxylated and demethylated in the liver to aflatoxin M1 (AFM1) by cytochrome P450-
mediated reactions after ingestion by animals (Kuileman et al., 2000). Aflatoxin B1 and AFM1 
are classified as Group 1 carcinogens by the International Agency for Research on Cancer 
(IARC), and it is estimated that aflatoxins play a causative role in up to 28% of human 
hepatocellular carcinoma cases worldwide (Liu and Wu, 2010). Additionally, aflatoxin exposure 
causes adverse effects in dairy cattle, such as, inappetence, immunosuppression, decreased milk 
production, and reproductive disorders (Abrar et al., 2013; Sulzberger et al., 2017). Therefore, 
the FDA has enforced regulations on AFM1 concentrations in milk for human consumption and 
total AF (B1, B2, G1, and G2) in animal feed to not exceed 0.5 µg/kg (ppb) and 20 µg/kg (ppb) in 
the U.S., respectively (FDA, 1994). In the European Union, the regulations are stricter, and 
AFM1 concentrations found in milk and total AF (B1, B2, G1, and G2) in feed cannot exceed 0.05 
µg/kg (ppb) and 4 µg/kg (ppb), respectively (European Commission, 2006).  
Aflatoxin and Inflammation  
In order to understand ways to combat the effects of AF induced inflammation in dairy 
cattle, one must first understand the mechanistic pathways by which AF inflicts inflammation.  
When AFB1 is ingested by dairy cattle it first enters the rumen. Unlike other mycotoxins, such as 
zearalenone that is degraded up to 90% by the rumen microbiota, less than 10% of AFB1 is 
degraded or detoxified within the rumen (Westlake et al. 1989; Kiessling et al., 1984; Kennedy et 
al., 1998; Ogunade et al., 2018). In fact, Jouany et al. (2009) stated that 10 µg/mL of AFB1 may 
completely inhibit rumen bacteria function, which is a main reason AF can be so harmful when 
ingested by dairy cattle. Any AFB1 that enters the rumen can be absorbed directly by the rumen 
papillae epithelia, or it can pass to the small intestine where they are absorbed via intestinal 
epithelia. Once absorbed, AFB1 enters the hepatic portal system where it becomes bound to 
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albumin for transport through the blood (Wild et al., 1992; Lu et al., 2016). Albumin-bound 
AFB1 reaches the liver where it is then taken up by periportal hepatocytes. Once in the 
hepatocyte, AFB1 is detoxified to some extent via hydroxylation and demethylation reactions to 
AFM1 by cytochrome P450, a Fe-dependent enzymatic complex. AFM1 is then transported out 
of the liver, where it enters the systemic circulation and is taken up by the mammary gland to be 
excreted into milk, or it is taken up by the kidneys to be excreted into urine.  
In addition to the formation of AFM1, cytochrome P450 isoenzymes, primarily CYP1A2 
and CYP3A4 in mammals, facilitate epoxidation and hydroxylation reactions to convert AFB1 to 
AFB1-epoxides (AFB1E), such as AFB1-endo-8,9-oxide and AFB1-exo-8,9-oxide (Guengerich 
et al., 1998; Guengerich and Johnson, 1999; Guengerich et al., 2001). These AFB1E are highly 
reactive and may cause a host of issue within the hepatocyte. For instance, AFB1E have the 
capability to enter the nucleus and bind with DNA to form DNA adducts (Eaton and Gallagher, 
1994; Guengerich and Johnson, 1999). These DNA adducts then potentiate DNA mutations, 
resulting in hepatic carcinogenesis (Eaton and Gallagher, 1994). Additionally, AFB1E formation 
via cytochrome P450 isoenzymes results in formation of superoxide anion (O2-), which is 
considered a reactive oxygen species (ROS; Guengerich et al., 2001; Fukai and Ushio-Fukai, 
2011). Superoxide anion formation may exacerbate the effects of AFB1E by eliciting further 
lipid peroxidation of polyunsaturated fatty acids, thus resulting in oxidative stress, hepatic 
inflammation, and an overall decrease in hepatocyte function (Abrar et al., 2013; Shi et al., 
2016). To deal with the oxidative stress caused by AFB1E and O2- within the hepatocyte, 
resident glutathione (GSH) binds to AFB1E to form AFB1-glutathione (AFB1-GSH) via 
glutathione transferase (Guengerich and Johnson, 1999). Conjugation of AFB1E with GSH 
vastly decreases its reactivity and toxicity within the hepatocyte, as it solubilizes the adduct 
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(Jouany et al., 2009). The hepatocyte is then able to release the solubilized AFB1-GSH into the 
systemic circulation, where it is taken up by the kidneys for excretion into the urine. 
Furthermore, superoxide dismutase (SOD), a Zn-, Mn-, and Cu-dependent enzyme, has the 
capability within the hepatocyte to reduce O2- to hydrogen peroxide (H2O2), a less reactive ROS 
(Bernabucci et al., 2002a; Machado et al., 2014). Specifically, three isoforms of SOD have been 
identified and characterized in mammals to carry out this reaction: SOD1, a cytosolic isoform 
which is Cu- and Zn- dependent; SOD2, a mitochondrial isoform that is Mn-dependent,; and 
SOD3, and extracellular isoform that is Cu- and Zn- dependent (Miao and St. Clair, 2009; Fukai 
and Ushio-Fukai, 2011). Additionally, glutathione peroxidase (GSH-Px), a primary antioxidant 
selenoprotein, functions to reduce oxidative stress by reducing H2O2 to water, thus minimizing 
the ROS load on the hepatocyte, reducing oxidative stress (Rotruck et al., 1973; Sordillo, 2013).  
Figure 1.1 illustrates the specific pathways responsible for AFB1 metabolism within the 
liver.  
Multiple pre-harvest strategies have been studied in order to minimize the deleterious 
effects of AF exposure on feed crops fed to livestock. These strategies include selectively 
choosing seed strains resistant to AF producing fungus, applying crop rotations to minimize AF 
producing fungal spores, and the use of pre-harvest fungicide application (Betrán et al., 2005; 
Kabak et al., 2006; Guo et al., 2008). Post-harvest techniques to minimize the effects of AF on 
livestock have also been extensively analyzed. Plant-based antioxidants, such as curcuminoids, 
have been studied in poultry for their protective effect against ROS produced by AF. Gowda et 
al. (2009) reported that turmeric powder, a curcuminoid supplier, stimulated the antioxidant 
response in the liver by reducing the peroxide levels in chicks fed AFB1. Superoxide dismutase 
plasma concentrations have been reported to be higher (2.77 U/mL) for cows challenged with AF 
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than cows not challenged (1.96 U/mL; Weatherly et al., 2018). Additionally, reports show that 
AFB1 increases bovine peripheral blood mononuclear cells gene expression of antioxidants, 
particularly SOD and GSH-Px to combat the effects of oxidative stress (Bernabucci et al., 2011). 
Sordillo (2013) suggested that cows undergoing oxidative stress have increased demand for trace 
minerals as enzyme cofactors than cows not undergoing oxidative stress. Therefore, increased 
utilization of trace mineral supplementation may aide in the antioxidative response against AF. 
Trace Mineral Supplementation 
Trace minerals, also known as microminerals, are essential minerals which are needed in 
relatively small amounts (mg/kg) within the diet in order to meet requirements (NRC, 2001). 
Although requirements are small, these trace minerals are essential in carrying out many 
biochemical and immunological functions within the body. As alluded to previously, trace 
minerals have an important role in immune function, antioxidant activity, and overall health in 
livestock (Spears and Weiss, 2008; Sordillo, 2013). Below are some of the major trace minerals, 
their function within the body, and requirements within dairy cattle. 
Copper is a required trace mineral in the diet of dairy cows, and dietary copper 
requirements vary greatly depending on the physiological state of the animal. According to NRC 
(2001) requirements, a 650 kg cow producing 40 kg of milk per day will require 15.7 mg of 
Cu/kg of DMI in order to maintain a proper Cu status. Adequate Cu status is best evaluated via 
liver mineral analysis, as the liver represents the primary storage pool for Cu. However, due to 
ease of sample collection, blood is often used to determine Cu status (Herdt and Hoff, 2011). 
Copper functions as a major component of vitamin B12 (cobalamin) and is needed during 
aerobic respiration as an essential component of cytochrome oxidase within the electron 
transport chain (NRC, 2001). Copper is also the major component of ceruloplasmin, which is 
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represents the transport pool of Cu within the body, and has the antioxidative capability to reduce 
circulating ROS (Hsieh and Frieden, 1975; Sordillo and Aitken, 2009). Additionally, as 
previously mentioned, Cu is an important cofactor for SOD1, the antioxidant system enzyme 
responsible for the reduction of the ROS O2- within the liver during oxidative stress.  
Manganese is an important trace mineral for multiple biochemical pathways in dairy 
cattle, which include an integral role in gluconeogenesis as a cofactor for pyruvate carboxylase 
and phosphoenolpyruvate carboxykinase (Hedt and Hoff, 2011). Manganese is also essential for 
the urea cycle as a cofactor for arginase (Herdt and Hoff, 2011). Additionally, as previously 
mentioned, SOD2, a mitochondrial isoform of SOD, is Mn-dependent and, therefore, Mn plays 
an important role in the reduction of ROS in the antioxidant system. NRC (2001) requirements 
for Mn are 16.7 mg Mn/kg of DMI for a 650 kg cow producing 40 kg of milk per day. However, 
Weiss and Socha (2005) reported that Mn requirements are approximately 1.6 times higher (26.7 
mg Mn/kg of DMI) for lactating dairy cattle than values reported in NRC (2001). Due to its low 
abundance in animal tissue, Mn status evaluation is relatively difficult, however, liver and whole 
blood analysis are the most common tissue indicators of Mn status (Herdt and Hoff, 2011).  
Selenium has been well researched in regards to its role within the immune system of 
dairy cattle. More specifically, selenium plays an important role in the antioxidant system by 
acting as a cofactor for ROS eliminating enzymes. As previously described, GSH-Px is a 
selenoprotein (i.e., utilizes Se as its primary cofactor) and is responsible for the reduction of 
H2O2 to water, and therefore aides in the reduction of oxidative stress (Sordillo, 2013). Selenium 
was originally recognized through its ability to cause toxicity when cattle were grazed on soils 
high in selenium concentration. However, Se deficiency seems to be a more common practical 
problem for dairy cattle production (NRC, 2001; Herdt and Hoff, 2011). NRC (2001) 
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recommendations for Se are 0.35 mg of Se/kg of DMI for a 650 kg cow producing 40 kg of milk. 
Additionally, due to the marked difference in plasma Se concentrations based on physiological 
state, hepatic Se concentration is the preferred method of Se status analysis within the animal 
(Herdt and Hoff, 2011).  
Zinc is the second most abundant trace mineral in the body, behind Fe (Herdt and Hoff, 
2011).  Zinc is an essential cofactor for many enzymatic processes throughout the body, 
including enzymes responsible for DNA and RNA synthesis (Spears and Weiss, 2008). 
Additionally, Zn, along with Cu, is a main cofactor for SOD1 and SOD3 which are integral in 
the antioxidant system (Fukai and Ushio-Fukai, 2011). Furthermore, Zn is important for cell 
replication processes, specifically in regards to B-Cell and T-Cell proliferation within the 
immune system (Ibs and Rink, 2003; Wiess and Spears, 2006). Based on NRC (2001) 
requirements, a 650 kg cow producing 40 kg of milk will require 63 mg of Zn/kg of DMI. Herdt 
and Hoff (2011) described Zn as one of the most difficult trace minerals to analyze because of 
the fact that there is no well-established storage pool for Zn within the body. Pancreatic tissue, 
bone, liver, and reproductive organs offer some indication of Zn status within the cow, however, 
due to the necessity of most of these samples being taken post mortem, Zn analysis via blood 
sampling or liver biopsy seem to be the most practical. However, these tissue merely offer an 
indirect assessment of Zn status as they are not primary storage pools (Herdt and Hoff, 2001).  
Trace mineral status in animals varies depending on physiological status, dietary source, 
inflammation, chemical form, and interactions among dietary constituents (Herdt and Hoff, 
2011). Inorganic trace minerals are those which are fed in a metal ion or salt form, while organic 
trace minerals are metal ions bound to a ligand, such as amino acids, partially hydrolyzed 
proteins, or polysaccharides (Spears, 1996). It is believed that trace minerals in an organic form 
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are more bioavailable and allow for increased absorption by epithelia, thus leading to a more 
efficient supplementation rate to achieve adequate trace mineral status within the body (NRC, 
2001; Spears, 1996; Yasui et al., 2018). However, results evaluating inorganic versus organic 
supplementation of trace minerals are mixed. Nemec et al. (2012) found no differences in plasma 
Cu and Zn concentrations between organic or inorganic supplementation. Contradictorily, Osorio 
et al. (2016) reported an increase in liver concentrations of Co, Cu, and Mn when those minerals 
were included in the diet in an organic form compared to an inorganic form. However, it is 
important to note that, as previously mentioned, trace mineral status is highly dependent on the 
tissue being analyzed and whether or not it represents the storage pool for the particular trace 
mineral of interest (Herdt and Hoff, 2011). Similar discrepancies are seen when evaluating 
lactation performance in regards to source of trace mineral. A meta-analysis by Rabiee et al. 
(2010) looked at 22 studies and found that supplementing trace minerals (Cu, Mn, Zn, and Co) 
chelated to amino acids increased milk yield, milk protein yield, and milk fat yield compared to 
supplementation of inorganic trace minerals. However, the study also notes that the study results 
were heterogeneous (lack of uniform consistency) in regards to milk production responses and 
should be taken with caution (Rabiee et al., 2010). 
Stressful conditions, like those experienced during the transition period, cause a decrease 
in dry matter intake (DMI), which could subsequently affect trace minerals status (Drackley, 
1999; Mulligan et al., 2006). Bicalho et al. (2014) reported that dairy cows experiencing uterine 
disease, such as retained placenta, metritis, and endometritis, exhibited lower serum 
concentrations of Ca, P, Mg, Mo, Se, Zn, Mn, and Cu than healthy cows. Supplementing trace 
minerals via injection, independently from DMI, has been proven to minimize stress related 
issues by offering consistent trace mineral status (Vanegas et al., 2004; Machado et al., 2013). 
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Injectable trace minerals (Zn, Mn, Se, and Cu) administered to dairy cows decreased the 
incidence of mastitis from 25% to 20% and endometritis from 34% to 29% compared to cows 
that did not receive the injectable trace minerals (Machado et al., 2013). Additionally, cows 
without trace mineral injection had lower SOD serum activity (12.7 U/mL) than cows 
administered injectable trace minerals (16.0 U/mL; Machado et al., 2014). Therefore, 
administration of injectable trace minerals allows for consistent trace mineral status while aiding 
the antioxidant response during stressful conditions (Teixeira et al., 2014).  
Although it is known that trace minerals play a vital role in the immune system during 
oxidative stress, there is limited research regarding the relationship between trace mineral 
supplementation and AF exposure in dairy cows (Sordillo, 2013). Therefore, the use of injectable 
trace mineral supplementation as a means for alleviation of oxidative stress during an AF 
challenge should be evaluated. 
Sequestering Agent Supplementation 
To reduce the impact of AF on cattle health, sequestering agents, or adsorbents, may be 
added to the diet of dairy cows. This is arguably the most common post-harvest strategy used to 
minimize the effects of AF on dairy cattle, due to the relative ease of implementation into total 
mixed rations and cost effectiveness (Ogunade et al. 2018). Sequestering agents that can be 
utilized within dairy cattle rations include clay-based products, yeast-based products, and 
activated charcoal-based products. There are multiple types of clays that are utilized for their 
adsorptive capacity against AF, such as montmorillonite clays and aluminosilicate clays. These 
clays are very finely ground and have a layered, charged structure which gives them the ability to 
bind to water and other organic compounds (Velde and Menier, 2008). Specifically, the cationic 
species within the interlayered space of clays have the capacity to bind to the negatively charged 
16 
oxygen of AFB1, trapping the AFB1 within the interlayered space (Moschini et al. 2008; Velde 
and Menier, 2008). The AF adsorbed to clay is not bioavailable, and is thus secreted by the cow 
through feces. Yeast and yeast cell wall extracts are also used for their AF-sequestering 
capabilities. Yeasts and yeast cell wall extracts contain polysaccharides, such as β-glucans and 
mannans, as well as proteins and lipids, which have the capacity to adhere to AF oxygen 
rendering the AF non-bioavailable (Varga and Toth, 2005; Pfliegler et al. 2015). Activated 
charcoals may also be used due to their large surface area and adsorptive capacity (Whitlow and 
Hagler, 2005; Ogunade et al., 2018) However, previous literature suggests that the clays and 
yeast cell walls are more efficient in their adsorptive capacity than activated charcoals 
(Edrington et al., 1996; Diaz et al., 2004; Ogunade et al., 2018). 
Adsorbents have been proven to limit AF bioavailability through ion exchange, leading to 
decreased AF concentrations in milk (Moschini et al., 2008). Previous studies reported that cows 
that received clay during an AF challenge had lower concentrations of AF excreted in the milk, 
urine, and feces (Kutz et al., 2009; Kissell et al., 2013; Barrientos-Velazquez et al., 2016). 
Sulzberger et al. (2017) and Maki et al. (2016) both reported that milk AFM1 concentrations 
decreased as the concentration of clay included in the diet increased. Sulzberger et al. (2017) 
concluded that cows fed clay as an absorbent (2% of dietary DM) excreted up to 41% less AFM1 
in milk and up to 48% less AFM1 in urine when compared with cows that did not receive the 
adsorbent. In that same study, it was also reported that fecal concentrations of AFB1 were 
reduced by 47% when clay was supplemented at 2% of DMI and urine AFM1 concentration 
decreased by 33% when clay was supplemented at 1% of DMI during an AF challenge. These 
data confirm that the addition of clays in the diet alleviate the deleterious production responses 
experienced during an AF challenge. 
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Ogunade et al. (2016) evaluated the immune system response of supplementing 
mycotoxin-sequestering agents to cows during an AFB1 challenge. In that study, a greater mean 
fluorescent intensity of staining was reported for 2 leukocyte adhesion molecules, L-selectin and 
β-integrin, on neutrophils of cows fed yeast cell culture containing diets and sodium bentonite 
containing diets. Blood neutrophils are the first line of defense in the innate immune system, and 
the greater adhesion molecule fluorescence suggested migration of neutrophils to the exposed 
toxin during challenge (Silvestre et al., 2011; Ogunade et al., 2016). This indicated an improved 
immune response to AFB1 when adsorbents were included in the diet. Similarly, cows fed clay 
and challenged with AF tended to have lower plasma superoxide dismutase (SOD) 
concentrations, possibly indicating less oxidative stress when an adsorbent was fed (Sulzberger 
et al., 2017). However, increased research is needed to elucidate the effects of AF on immune 
system function and inflammation in the dairy cow. Additionally, research focusing on 
sequestering agents (i.e. aluminosilicate clay) ability to alleviate detrimental effects of AF on 
lactation performance and immune health must also be performed. 
Heat Stress 
 Heat stress (HS) occurs in dairy cattle when there is a negative balance between the 
amount of heat energy an animal produces and the amount of heat energy transferred from the 
animal to its surrounding environment (NRC, 2001). An estimated $2.4 billion is lost annually in 
livestock production due to effects of HS. In particular, the dairy industry contributes roughly 
$900 million to this total (St.-Pierre et al., 2003). These economic losses within the dairy 
industry are mostly attributed to decreased milk and milk component production, decreased 
reproductive performance, and increased culling rate (St.-Pierre et al., 2003). Many heat 
abatement practices have been implemented on dairy farms to negate the effects of heat stress. 
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Some of these practices include: increasing shaded areas, increasing air velocity by use of fans, 
and the use of water-soaker lines to increase evaporative heat loss. Although these management 
practices are implemented, HS still causes significant issues to dairy producers on a national and 
global scale. 
Heat stress arises when animals are in an ambient environment which is above their 
thermoneutral zone (TNZ). Heat stress is caused by a multitude of conditions, both physiological 
and environmental (Kadzere et al., 2002). From a physiological standpoint, cattle breed, size, 
age, sex, and coat length all play a role in the susceptibility of dairy cattle to HS. Additionally, 
Kadzere et al. (2002) highlighted the fact that stringent genetic selection for high producing dairy 
cattle increased the total milk produced by the average dairy cow in the United States by 338% 
from 1940 to 1995. Inherently, along with this increase in milk production comes an increase in 
feed intake, which is positively correlated with heat increment (HI; MJ / d) produced during feed 
digestion and milk production processes. This rise in milk production, and subsequent DMI and 
HI compared to dairy cows 50 years ago leaves the modern dairy cow at increased risk of HS.  
From an environmental perspective, there are multiple factors that elicit HS in dairy 
cattle. These factors include air temperature, air movement, humidity, and radiation. The TNZ 
for lactating dairy cattle is an ambient temperature between 5 and 25 °C, and any ambient 
temperature above 26 °C results in a cow entering heat stress (Roenfeldt, 1998; Kadzere et al., 
2002). Although understanding ambient temperatures is important in understanding HS 
conditions, other variables, such as humidity, must also be taken into account. Another indicator 
of thermal environmental conditions that takes into account both air temperature and humidity is 
the temperature-humidity index (THI). One method to estimate THI is the following equation 
from NRC (1971): 
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THI = (Tdb  + Twb) × 0.72 + 40.6 
where Tdb is the dry bulb temperature (°C) and Twb is the wet bulb temperature (°C) for a 
given day. Understanding THI of an environment allows for an accurate indication of when a 
dairy cow will go into HS, based on the correlation of meteorological variables (ambient 
temperature and humidity) and rectal temperature (Dikmen and Hansen, 2009). Classes of THI 
are often used to describe the degree to which HS will be experienced by dairy cows if they 
reside in those specific environmental conditions. Typical THI classes are as follows: THI = 68 
or less, cows are comfortable; THI = 69 to 74, cows are in mild HS; THI = 75 to 78, cows are in 
HS; THI = greater than 78, cows are in extreme HS (McDowell et al., 1976, Kadzere et al., 2002; 
Dikmen and Hansen, 2009; Zimbelman et al., 2010).  
Adaptions to Heat Stress 
Dairy cattle utilize multiple acute physiological adaptions to regulate core body 
temperature and maintain thermoneutrality. Previous research reported that cows begin to 
increase respiration rate as a means of heat dissipation at THI of 73 (Lemerle and Goddard, 
1986). The major mechanism for heat loss through elevated respiration rate is the increase in 
evaporative heat loss that occurs through breathing, as approximately 15% of the endogenous 
heat loss is through the respiration tract (McDowell et al., 1976; Kadzere et al., 2002). Also, it is 
important to note that the same study reported that an increase in rectal temperature did not occur 
until cows reached the extreme HS THI of 80 (Lemerle and Goddard, 1986). This highlights the 
fact that the cow may be experiencing adverse effects of HS before the effects can be measured 
by an increase in core body temperature. Additionally, an increase in sweating rate occurs when 
cows are subject to heat stress, again indicating the importance of evaporative heat loss in cow 
cooling (McClean, 1963). Furthermore, water intake is increased when cows are subject to HS 
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(Schneider et al., 1988; Silanikove et al., 1998). This may be due to the decreased water retention 
ability of dairy cattle compared to other ruminant species (Bernabucci et al., 20010). Previous 
work has found that when cows are subject to environments with THI greater than 78, DMI is 
decreased along with milk production (Cowley et al., 2015). This is likely an inherent response 
by the cow to reduce HI incurred via digestion of feed and subsequent milk production (Cowley 
et al., 2015; Collier et al., 2017). This is supported by the fact that Maust et al. (1972) reported a 
negative correlation between feed intake and rectal temperature. Historically, this decrease in 
DMI has been assumed to be the primary driver of decreased milk yield during HS (Beede and 
Collier, 1986; West, 1999). However, recent work has found that the decrease in DMI only 
accounts for approximately 35 to 50% of the decrease in milk yield, and that other, more chronic 
physiological and metabolic alterations are occurring that may play a role in explaining the 
deficit in decreased milk production (Wheelock et al., 2010; Baumgard et al., 2011; Baumgard et 
al., 2015). 
When acute acclimation to HS is achieved (i.e. evaporative heat loss, increased water 
intake, and decreased DMI), dairy cattle utilize extensive and complex chronic acclimatization 
techniques, via homeorhetic mechanisms, to reduce HS via improved efficiency for increased 
heat dissipation and decreased heat production. These processes take from days to weeks to 
occur (Bernabucci et al., 2010). Bernabucci et al. (2010) and Baumgard and Rhoads (2013), 
provide extensive reviews of the metabolic and hormonal acclimatization mechanisms enacted 
by ruminants during periods of hyperthermia. In these review, the authors highlight the main 
endocrine-related, homeorhetic responses that occur during HS. First off, previous work has 
found that thyroid hormones, primarily T3 and T4, are decreased during episodes of 
hyperthermia (Johnson and Vanjonack, 1976; Horowitz, 2001). Thyroid hormones play an 
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important role in control of metabolic functions throughout the body, as well as in milk synthesis 
processes. A reduction in these hormones may be due to decreased DMI (Capuco et al., 2001), as 
well as an attempt by the cow to reduce endogenous HI through reduced metabolic function and 
milk synthesis (Horowitz, 2001). Additionally, previous work by Ronchi et al. (2001) reported 
an increase in prolactin concentration during HS conditions, which is contradictory to results 
seen when cows have decreased DMI during TN conditions (Bocquier et al., 1998). This 
suggests that a positive shift in prolactin production may be a homeorhetic response by the cow 
to aide in heat dissipation through increased sweat gland production, heat shock protein 
induction, or water metabolism alteration, rather than a direct result of decreased DMI (Beede 
and Collier, 1986; Kaufman et al., 1988; Bernabucci et al., 2010). Furthermore, the role of 
insulin during stressful conditions has been extensively studied. During times of TN stress (i.e., 
the transition from pregnancy to lactation) cows often reduce DMI, causing a negative energy 
balance. During times of TN negative energy balance, insulin concentrations are decreased, 
resulting in increased lipid mobilization and subsequent increase in non-esterified fatty acids 
(NEFA) in the circulation (Bauman and Currie, 1980; Drackley, 1999). However, during times 
of HS-induced negative energy balance, it has been reported that dairy cattle exhibit increased 
concentrations of insulin and decreased concentrations of NEFA within the blood (Wheelock et 
al., 2010; Gao et al., 2017). Baumgard and Rhoads (2013), reported that the increase in 
circulating insulin concentration seen in HS cows is likely due to increased pancreatic β-cell 
secretion of insulin, rather than a decreased ability of peripheral tissue insulin uptake, and that 
the increase insulin secretion by pancreatic β-cells is likely a pro-inflammatory cytokine 
response. Additionally, insulin sensitivity may be tissue dependent, and certain peripheral tissue, 
such as adipose and liver tissue, may have increased insulin responsiveness resulting in a net 
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decrease in lipolysis by adipose tissue and increased glucose utilization by liver tissue 
(Baumgard and Rhoads, 2013; Xie et al., 2016). This would explain the decrease in NEFA 
concentration and increase in glucose uptake reported in cows in HS conditions (Wheelock et al., 
2010; Baumgard et al., 2015; Xie et al., 2016). Meanwhile, skeletal muscle, may exhibit 
decreased insulin sensitivity eliciting a catabolic response and resulting in increased AA 
mobilization, as seen by increased plasma AA concertation, increased PUN concentration, and 
increased plasma creatinine concentration (Cowley et al., 2015; Gao et al., 2017). These 
metabolic changes may in part explain a decreased milk yield response, as nutrient partitioning 
may be moved away from the mammary gland during times of HS. 
Another proposed mechanism for nutrient partitioning away from the mammary gland 
during HS is related to HS effects on gastrointestinal integrity. Previous research has described 
the mechanism by which animals increase vasodilation at the skin surface to increase heat 
dissipation to the environment (Di Costanza et al., 1997; Santschi et al., 2005, Zimbelman et al., 
2010). In order for this to occur, vasoconstriction must occur at the site of gastrointestinal tract 
(Lambert, 2009). Subsequently, gastrointestinal vasoconstriction leads to morphological changes 
and increased gastrointestinal permeability, which can cause an influx of LPS into the circulatory 
system (Lambert et al., 2002, Pearce et al., 2013; Baumgard et al., 2015). As previously 
mentioned, Kvidera et al. (2017) reported that an LPS challenge administered through jugular 
infusion resulted in innate immune system activation, and that 1,092 g of glucose were utilized 
by the innate immune system within 12 h. Therefore, it is possible that the overall reduction in 
milk yield due to HS may in part be attributed to gastrointestinal permeability and subsequent 
immune system activation and glucose consumption due to endotoxin penetration.  
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Not only is overall milk yield decreased during HS, but milk composition is also altered, 
specifically milk protein concentration. Previous research has reported decreases in milk protein 
percentage when cows were subject to environments with elevated THI (Nardone et al., 1997; 
Wheelock et al., 2010; Cowley et al., 2015). Similar to milk yield decrease, alterations in milk 
protein composition seem to be due to factors beyond a decrease in DMI (Cowley et al., 2015). 
Gao et al. (2017) conducted an experiment that analyzed the effect of heat stress beyond the 
indirect effect of decreased DMI by pair-feeding (PF) TN cows to HS counterparts. The authors 
of the study reported a 4.1% decrease in milk protein concentration and a 19% decrease in milk 
protein yield in HS cows compared to PF cows. These data support the idea that milk 
composition alteration is a result of factors beyond a decrease in DMI (Gao et al., 2017). Specific 
mechanisms regarding HS effects on milk protein production are unknown, however, there are 
multiple factors associated with HS that may play a role in decreased milk protein production, 
including: decline in microbial crude protein synthesis, decreased splanchnic blood flow, 
reduced delivery of protein precursors to the mammary gland, and increased utilization of AA 
for other biochemical processes, such as gluconeogenesis and acute phase protein synthesis 
(McGuire et al., 1989; Bernabucci and Calamari, 1998; Cowley et al., 2015; Gao et al., 2017). 
Bernabucci et al. (2002b) reported a decrease in milk casein percentage and casein percentage of 
total protein during HS conditions. Additionally, Cowley et al. (2015) conducted a study 
comparing HS cows to PF TN cows, and concluded that HS was the only factor affecting casein 
concentration and casein number. Specifically, HS caused a decrease in αS2-casein production 
compared to PF cows (Cowley et al., 2015). Alpha-S2-casein is the main S-AA-containing milk 
protein, and decreased concentrations of circulating S-containing AA my play a role in decreased 
αS2-casein during HS (Bernabucci and Calamari, 1998; Kadzere et al., 2002; Amenu et al., 2004; 
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Cowley et al., 2015). Therefore, increased inclusion of S-containing AA in diets fed to dairy 
cows may aid in supplying necessary AA to the mammary gland, and thus alleviate the negative 
effects of HS on milk protein production. Additionally an increase in circulating AA 
concentration may aid in supplying substrate for other biochemical processes, such as 
gluconeogenesis and inflammatory-related protein synthesis.  
Amino Acid Nutrition 
 Supplying the dairy cow with adequate amounts of AA is vital in ensuring animal health 
and productivity. In particular, 10 of the 20 AA needed for protein synthesis are considered 
indispensable AAs (IAA) because they are not synthesized within the body and need to be 
included in the diet of animals (NRC, 2001; Schwab and Broderick, 2017). Methionine (Met) 
and lysine (Lys) are the two most limiting AA in diets fed to dairy cattle due to their relatively 
low concentration in feedstuffs fed to dairy cattle compared to their concentration in rumen 
bacteria, milk, and tissue protein (NRC, 2001; Schwab and Broderick, 2017). Typically, Lys is 
considered the first limiting AA in high corn-based diets, while Met is considered the first 
limiting AA in high forage diets and in diets containing low concentrations of corn and high 
concentrations of soybeans or animal-derived protein sources (NRC, 2001). Previous work has 
reported that supplementation of Lys and Met in diets fed to dairy cows improves overall 
lactation performance (Armentano et al., 1997; Rulquin and Delaby, 1997). Additionally, due to 
the microbial population that exists in the rumen of dairy cattle, rumen-protected, or 
undegradable, forms of protein (RUP), along with rumen degradable protein sources (RDP), are 
necessary in order to ensure a proper balance of AA reaching the gastrointestinal tract to be 
incorporated into metabolizable protein (Ji et al., 2016). For instance, heat-treatment of protein 
sources, such as soybean meal, has long been used as a rumen protection mechanism to supply a 
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quality AA pattern to the small intestine (Faldet et al., 1991; Armentano et al., 1997). A more 
direct approach to supplying the small intestine with proper AA profile is the supplementation of 
specific limiting-AA, such as Met and Lys, in rumen protected form (Schwab and Broderick, 
2017). Rumen-protected AA technologies include: encapsulation with fatty acids or pH sensitive 
polymers, encapsulation with fatty acids or saturated fatty acids and minerals (i.e. Ca-salts), and 
liquid sources of Met hydroxy analogs (Schwab, 1995; Wu and Papas, 1997; NRC, 2001). 
Feeding diets balanced for limiting AA through the use of rumen-protection technologies has 
proven to be beneficial to lactation performance parameters. Previous studies have reported that 
feeding diets balanced for limiting AA (i.e. Met and Lys) with the use of rumen-protection 
technologies during the transition period resulted in increased DMI, milk yield, and milk protein 
concentrations (Osorio et al., 2013; Zhou et al., 2016; Batistel et al., 2017).  
Feeding diets balanced for AA using rumen-protected AA not only aids lactation 
performance, but it also improves responses to stressful conditions when DMI often decreases. 
The same studies that found improved performance responses when rumen-protected Met (RPM) 
was fed in the diet during the transition period, also reported improvements in liver function, 
inflammation, and oxidative stress (Osorio et al., 2013; Zhou et al, 2016; Batistel et al., 2017). 
Batistel et al. (2017) reported a decrease in plasma fatty acid concentration from 0.71 to 0.63 
mmol/L when RPM was added to the diet during the postpartum period. Zhou et al. (2016) 
reported an overall decrease in ketosis incidence postpartum when RPM was added to the diet. 
Additionally, Osorio et al. (2013) reported an increase in whole-blood leukocyte phagocytosis 
from 38.5% to 55.1% at 21 days postpartum when RPM was added to the diet.  This work in 
particular highlights the idea that supplying RPM is important in the synthesis of antioxidants 
(i.e. glutathione) as well as immune cells, and that Met plays an integral role in methyl donation 
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processes, such as being a lipotropic agent for lipoprotein synthesis in the liver (Soder and 
Holden, 1999; Ulrey et al., 2005; Osorio et al., 2014; Zhou et al., 2016; Schwab and Broderick, 
2017). 
As previously mentioned, HS is a condition that alters protein metabolism within the 
dairy cow. A recent study by Fan et al. (2018) investigated the metabolomic differences in the 
liver of cows with or without HS. In that study, the authors reported an overall downregulation of 
AA, including Met, in the liver of HS cows compared to non-HS cows (Fan et al., 2018). 
Additionally, Tian et al. (2015) noted an increase in plasma urea and creatinine during HS, 
indicating an overall mobilization of skeletal muscle. These data taken together may imply that 
dairy cattle in HS conditions are in a negative state of AA balance, particularly in regard to IAA 
concentration (Cowley et al., 2015; Fan et al., 2018). This could explain, in part, the negative 
performance and immune responses experienced by dairy cattle experiencing HS. Kassube et al. 
(2017) infused a mix of Met, Lys, and BCAA intravenously to cows in HS, and reported a 
decrease in MUN combined with an increase in milk protein concentration. The authors of that 
study suggested that infusion of these AA supported whole-body protein synthesis during HS 
(Kassube et al., 2017). Therefore, with all of these data taken together, it could be hypothesized 
the supplementation of RPM in the diet of dairy cattle could alleviate the negative effects of HS 
on milk yield, milk composition, and overall immune response. 
Summary 
 Stress has a vastly negative impact on dairy cattle health and performance. Two stressors 
that add to the overall stress burden experienced by dairy cows throughout the world are 
mycotoxin ingestion and HS. Mycotoxins, specifically AF, are carcinogenic and induce oxidative 
stress and hepatocyte inflammation. Trace mineral supplementation has been proven to aid in the 
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reduction of oxidative stress and inflammation during other stress induced periods in dairy cattle. 
However, limited research is available on the link between AF challenge and trace mineral 
supplementation. Additionally, adsorbent supplementation has been reported to reduce the 
negative impacts of AF on production parameters. However, limited work has elucidated the 
effects of adsorbent supplementation on inflammatory responses during an aflatoxin challenge. 
Additionally, HS has a harmful effect on dairy cattle performance and immune health. Studies 
looking at the supplementation of RPM during other stress conditions have reported positive 
effects on lactation performance and immune status. Therefore, understanding the relationship 
between RPM supplementation and HS may prove useful in minimizing the negative effects of 
HS. 
Research Objectives 
The specific objectives of this research are: 
1.) Evaluate the effects of two subcutaneous supplementations of 15 mg/mL Cu, 5 
mg/mL Se, 60 mg/mL Zn, and 10 mg/mL Mn (Multimin 90, Multimin North 
America, Fort Collins, CO) given at 1 mL/90.7 kg of average BW on lactating 
multiparous Holstein cow performance, blood chemistry, liver mineral concentration, 
and liver inflammatory markers during an aflatoxin challenge. 
2.) Determine the effects of a commercially-available aluminosilicate clay (adsorbent; 
FloMatrix™, PMI Nutritional Additives, Arden Hills, MN) in a traditional lactation 
diet during an AF challenge on the presence of AFM1 in milk and urine, AFB1 in 
feces, production responses, blood chemistry, and liver inflammatory markers of 
multiparous lactating Holstein cows. 
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3.) Evaluate the effects of a commercially-available rumen-protected methionine source 
(Smartamine M; Adisseo Inc., Antony, France) fed at 0.105% of DMI on production 
responses, blood chemistry, liver inflammatory markers, and mammary gland 




Figure 1.1 Schematic of aflatoxin B1 metabolism within the hepatocyte of dairy cattle. Adapted 
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INTRODUCTION 
An estimated $0.11 to $1.68 billion is lost annually due to the effects of mycotoxins on 
corn crops (Mitchell et al., 2016). Mycotoxins are toxins produced by fungi growing on feed 
crops such as corn, with the three most common being aflatoxin (AF), fumonisin, and 
deoxynivenaol (Flores-Flores et al., 2015; Mitchell et al., 2016). Aflatoxin B1 (AFB1), an 
aflatoxin derivative produced by Aspergillus parasiticus and flavus, is hydroxylated and 
demethylated in the liver to aflatoxin M1 (AFM1) after ingestion (Kuileman et al., 2000). 
Aflatoxin B1 and AFM1 are classified as Group 1 carcinogens by the International Agency for 
Research on Cancer (IARC; Liu and Wu, 2010). Therefore, the FDA has set limits on AF 
concentration in feedstuffs and milk to be 20 ppb and 0.5 ppb, respectively (Peraica et al., 1999).  
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Aflatoxin exposure causes adverse effects in dairy cattle, such as inappetence, 
immunosuppression, decreased milk production, and reproductive disorders (Abrar et al., 2013; 
Sulzberger et al., 2017). Aflatoxin B1 is believed to increase oxidative stress through the 
production of reactive oxidative species, primarily superoxide anions and hydrogen peroxides in 
the liver (Guengrich et al., 2001). Superoxide dismutase (SOD) is a Zn-, Mn-, and Cu-dependent 
enzyme linked to oxidative stress and the reduction of reactive oxidative species (Machado et al., 
2014). Weatherly et al. (2018) observed greater plasma SOD concentrations for cows challenged 
with AF (2.77 U/mL) than cows not challenged (1.96 U/mL). Additionally, reports show that 
AFB1 increases bovine peripheral blood mononuclear cells gene expression of antioxidants, 
particularly SOD and glutathione peroxidase (GSH-Px), to combat the effects of oxidative stress 
(Bernabucci et al., 2011).  
Trace minerals have an important role in immunological functions, antioxidant activity, 
and overall health in livestock (Spears and Weiss, 2008; Sordillo, 2013). Trace mineral status in 
animals varies depending on physiological status, dietary source, inflammation, and interactions 
among dietary constituents (Herdt and Hoff, 2011). Liver tissue often reflects trace mineral 
status of livestock, and low hepatic trace mineral concentration can lead to decreased 
inflammatory related enzyme activity (Kincaid, 2000; Herdt and Hoff, 2011). Stressful 
conditions, like those experienced during the transition period, cause a decrease in DMI, which 
could subsequently affect trace minerals status (Drackley, 1999; Mulligan et al., 2006). 
Supplementing trace minerals via injection independently from DMI, has been proven to 
minimize stress related issues by offering consistent trace mineral status (Vanegas et al., 2004; 
Machado et al., 2013). Injectable trace minerals (Zn, Mn, Se, and Cu) administered to dairy cows 
decreased the incidence of mastitis from 25% to 20% and endometritis from 34% to 29% 
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compared to cows that did not receive the injectable trace minerals (Machado et al., 2013). 
Additionally, cows without trace mineral injection had lower SOD serum activity (12.7 U/mL) 
than cows administered injectable trace minerals (16.0 U/mL; Machado et al., 2014). Therefore, 
administration of injectable trace minerals allows for consistent trace mineral status while aiding 
the antioxidant response during stressful conditions (Teixeira et al., 2014). 
Although it is known that trace minerals play a vital role in the immune system during 
oxidative stress, there is limited research regarding the relationship between trace mineral 
supplementation and AF exposure in dairy cows (Sordillo, 2013). Therefore, the objective of this 
study was to evaluate the effects of two subcutaneous injections of 15 mg/mL Cu, 5 mg/mL Se, 
60 mg/mL Zn, and 10 mg/mL Mn (Multimin 90, Multimin North America, Fort Collins, CO) 
given at 1 mL/90.7 kg of average BW on lactating multiparous Holstein cow performance, blood 
chemistry, liver mineral concentration, and liver inflammatory markers during an aflatoxin 
challenge. 
 
MATERIALS AND METHODS 
Animal Care and Housing 
All experimental procedures were approved by the University of Illinois (Urbana-
Champaign) Institutional Animal Care and Use Committee (#16139). The experimental period 
occurred from November 2016 to March 2017.  Cows were fed ad libitum for a 5% minimum 
refusal and had constant access to water. Diet (TMR) was formulated according to NRC (2001) 
recommendations (Table 2.1), based on cows at 180 DIM, 703 kg of BW, producing 32 kg of 
milk/d with a target 3.8% milk fat and 3.3% milk protein, and a predicted DMI of 25 kg/d.  
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Experimental Design and Aflatoxin Challenge Procedure 
	 A total of 58 multiparous Holstein cows [BW (mean ± SD) = 734 ± 60kg; DIM = 191 ± 
93] were assigned to 1 of 3 treatments in a randomized complete block design consisting of 19 
blocks. Cows were distributed into blocks with regard to lactation number, DIM, previous 
lactation 305-d milk yield, and BCS. Experimental period (63 d) was divided in an adaptation 
phase (d 1 to 56) and a measurement phase (d 57 to 63). From d 57 to 59 cows received an AF 
challenge directly after feeding at 0700 h. The AF challenge was similar to the one proposed by 
Kutz et al. (2009).  Dietary AF was obtained from the Veterinary Medical Diagnostic 
Laboratory, College Veterinary Medicine, University of Missouri, Columbia, and consisted of 
Aspergillus parasiticus (NRRL-2999) culture material containing 102 mg/kg of AFB1, 3.5 
mg/kg of AFB2, 35 mg/kg of AFG1, and 0.9 mg/kg of AFG2. The challenge consisted of 100 µg 
of AFB1/kg of dietary DMI via 28-mL gelatin capsules (Structure Probe Inc., West Chester, PA), 
and administered orally via balling gun based on the average DMI obtained on d 54 to 56.  
Treatments were: saline injection and no AF challenge (NEG), saline injection and AF challenge 
(POS), and trace mineral injection [15 mg/mL Cu, 5 mg/mL Se, 60 mg/mL Zn, and 10 mg/mL 
Mn (Multimin 90, Multimin North America, Fort Collins, CO)] and AF challenge (MM). All 
mineral treatments were administered according to the manufacturer’s recommendation. Cows in 
NEG and POS received sterile saline (0.9 % Sodium Chloride Injection, USP, Hospira Inc., Lake 
Forest, IL) injections as a placebo. Mineral (15 mg/mL Cu, 5 mg/mL Se, 60 mg/mL Zn, and 10 
mg/mL Mn) and saline injections were performed subcutaneously directly after feeding at 0700 h 
on d 1 and 29 at 1 mL/90.7 kg of BW based on average BW from d -3 to -1 and 26 to 28 relative 
to the start of the experiment, respectively. All cows were fed the same TMR throughout the trial 
once daily at 0700 h. 
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Data Collection and Sampling Procedures 
Samples of TMR (Tables 2.1 and 2.2) were obtained weekly and analyzed for DM 
(AOAC, 1995a) by drying for 24 h in a forced-air oven at 110℃. Diet composition was adjusted 
weekly for changes in DM content of ingredients. The TMR offered and refused from each cow 
was recorded to determine intake based on weekly DM analyses. Total mixed ration samples 
were taken weekly during the experimental period and stored at –20℃ until analyzed. Total 
mixed ration samples were composited every 3 wk and TMR samples (n = 3) were analyzed for 
contents of DM, CP, ADF, NDF, lignin, NFC, starch, fat, ash, TDN, Ca, P, Mg, K, Na, Fe, Zn, 
Cu, Mn, Mo, S and Se using wet chemistry methods (Dairy One, Ithaca, NY; Table 2.2). Values 
for TDN and NEL were provided by the lab and calculated based on NRC (2001).  Additionally, 
3 TMR samples (n = 3) were stored at −20℃ until being sent to the Veterinary Medical 
Diagnostic Laboratory, College Veterinary Medicine, University of Missouri, Columbia, to be 
analyzed for AF concentrations.  The physical characteristic of the TMR, based on the Penn 
State Particle Separator (Kononoff et al., 2003), was performed weekly.  
Cows were milked 3 times daily at 0600, 1300, and 2200h. Milk weights were recorded 
at every milking and samples were obtained at each milking on d 56 (adaptation phase) and from 
d 57 to 63 of the measurement phase. A preservative (800 Broad Spectrum Microtabs II; D&F 
Control Systems, Inc., San Ramon, CA) was added to the samples taken on d 57 and 59 and 
preserved samples were stored in a refrigerator at 8℃ , composited in proportion to milk yield 
and sent to a commercial laboratory (Dairy Lab Services, Dubuque, IA) to be analyzed for 
contents of fat, true protein, MUN, lactose, total solids, and for somatic cell count (SCC) using 
mid-infrared procedures (AOAC, 1995b; Table 2.3). In addition, the appearance and 
disappearance of AFM1 in milk was tested at each milking during the measurement phase with 
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the use of a SNAP AFM1 test (SNP; IDEXX, Westbrook, ME; detection level of 0.5 µg AFM1 / 
kg milk). Milk samples on d 56, 60, and 63 were stored at −20℃ until they were composited by 
day and sent to the Veterinary Medical Diagnostic Laboratory, College Veterinary Medicine, 
University of Missouri, Columbia, to be analyzed for AFM1 and AFB1 concentrations by HPLC 
with fluorescence detection methods as described in depth by Kutz et al. (2009; Table 2.3).  
Blood was sampled from the coccygeal vein or artery at 0730 h on d 0, 56, 60, and 63 (n 
= 4) of the experimental period from each cow (BD Vacutainer; BD and Co., Franklin Lakes, 
NJ). Serum and plasma samples were obtained by centrifugation of the tubes at 2,500 × g for 15 
min at 4°C and stored at −80℃ for further analysis. Beta-hydroxybutyrate (BHB), was analyzed 
from whole blood immediately after sampling using a digital cow-side ketone monitor (Nova 
Max Plus, Nova Biomedical Corporation, Waltham, MA). Heparinized plasma samples were 
sent to the University of Illinois Veterinary Diagnostic Laboratory to be analyzed for bovine 
chemistry profiles (BUN, albumin, and alkaline phosphatase) using the AU680 Beckman Coulter 
analyzer (http://vetmed.illinois.edu/vet-resources/veterinary-diagnostic-laboratory/clinical-
pathology/). Commercially available kits were used to analyze heparinized plasma samples for 
glucose, superoxide dismutase (SOD) activity, glutathione peroxidase (GSH-Px) activity, and 
serum amyloid A (SAA). Plasma glucose was assessed using the Glucose Autokit Assay (Wako 
Pure Chemical Industries, Ltd., Mountain View, CA). Serum cholesterol was assessed using the 
Cholesterol E assay (Wako Pure Chemical Industries, Ltd., Mountain View, CA). Plasma 
superoxidase dismutase activity was assessed using Superoxidase Dismutase Assay kit in which 
the dismutation of superoxide radicals generated by xanthine oxidase and hypoxanthine were 
measured (Cayman Chemical, Ann Arbor, MI) and plasma GSH-Px activity was measured using 
the Glutathione Peroxidase Assay kit with an indirect enzymatic recycling method, using 
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glutathione reductase for the quantification of glutathione reduction by GSH-Px (Cayman 
Chemical, Ann Arbor, MI); following manufacturer’s instructions. Serum amyloid A was 
assessed using the Phase™ Range Multispecies SAA ELISA kit (Tridelta Development, Ltd., 
Maynooth, Ireland); following manufacturer’s instructions. 
Liver biopsies were conducted on d 0 and 60 from each cow using a similar technique 
described by Riboni et al. (2015). An 18-gauge by 10.2 cm bone marrow probe (Monoject-
8881247087, Medtronic, Fridley, MN), was used to obtain approximately 2 g (wet weight) of 
liver sample. Liver samples were snap-frozen and stored in liquid nitrogen. Samples for each 
cow for each day were sent to Michigan State University Diagnostic Center for Population and 
Animal Health, Lansing, to be analyzed for As, Cd, Co, Cu, Fe, Pb, Mn, Hg, Mb, Se, Tl, and Zn 
(Table 2.4).  
Health evaluations were performed daily during the measurement phase. Visual 
assessments were performed to monitor general appearance and fecal score. Rectal temperature 
was measured using a GLA M700 Thermometer (GLA Agricultural Electronics, San Luis 
Obispo, CA). Respiration rate was recorded by visual observation for 15 s, and heart rate was 
measured via palpation of the femoral artery for 15 s. General appearance was scored using a 
similar method to Krause et al. (2009): 4 = bright and alert; 3 = depressed; 2 = reluctant to rise; 1 
= down cow, will not get up. Fecal scores were allocated on a 1 to 4 scale according to Krause et 
al. (2009): 1 = runny: liquid consistency, splatters on impact, spreads readily; 2 = loose: may pile 
slightly and spreads and splatters moderately on impact and setting; 3 = soft: piles up but spreads 
slightly on impact and settling; 4 = dry: hard, dry appearance, original form not distorted on 
impact and settling.  Body temperature was considered elevated if > 39.4°C, heart rate was 
considered elevated if > 100 beats/min, respiratory rate was considered abnormal if > 40 
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breaths/min, general appearance was considered abnormal if ≤ 2, and fecal score was considered 
abnormal if ≤ 2 (Ireland-Perry and Stallings, 1993; Krause and Oetzel, 2005). Body weight was 
measured (Ohaus digital scale, model CW-11, Newark, NJ) and BCS was assigned in quarter-
unit increments for each cow weekly (Ferguson et al., 1994). More than one person assigned a 
BCS score independently at each time of scoring and the average score was used for statistical 
analysis. 
Hepatic Gene Expression 
Complete details of the procedures are included in the Supplemental Material. Briefly, 
total RNA was extracted and used for cDNA synthesis. Real-time quantitative PCR preformed 
was SYBR Green-based, using a 6-point standard curve. The extraction and qPCR analysis were 
performed using previously established protocols at Dr. Loor’s Lab at the University of Illinois 
(Riboni et al., 2015). Eleven genes were selected for transcript profiling in liver tissue; albumin 
(ALB), ceruloplasmin (CP), cytochrome P450-1A2 (CYP1A2), glutamate dehydrogenase 
(GLUD1), glutathione peroxidase (GPX1), haptoglobin (HP), malate dehydrogenase (MDH2), 
nuclear factor kappa B (NFKB1), superoxide dismutase (SOD2), signal transducer and activator 
of transcription (STAT5A), and tumor necrosis factor α (TNFA). All primers were designed for 
the current experiment (Integrated DNA Technologies, Coralville, IA).  The final data were 
normalized using the geometric mean of 3 internal control genes: GAPDH, RPS9, and UXT 
(Khan et al., 2015). 
Aflatoxin Calculations 
Aflatoxin M1 excretion (µg/kg) was calculated in comparison to Maki et al. (2016): Excretion 
(µg/kg) = concentration of AFM1 in milk on d 60 (µg) × milk yield on d 60 (kg) and AF Transfer 
(g/kg) = [AF excretion (µg/kg) / AFB1 challenge (µg/kg)] × 100. 
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Statistical Analyses 
 Data collected from d 57 to 63 were analyzed using SAS (v. 9.4, SAS Institute Inc., Cary 
NC). For production variables, liver mineral concentration, and gene expression, the MIXED 
procedure of SAS was used to model the fixed effects of treatment and block: 	
Y$% = 	µ +	)* + +, +	ε$%	
Where Y$% = the observations for dependent variables; µ = the overall mean;  )* = the fixed effect 
of the ith treatment; +, = effect of the jth block; and	ε$% = the random residual error.	Covariate (d 
0) was included for blood metabolite variables, liver mineral variables, and gene expression. For 
variables with measurement over time, the MIXED procedure of SAS was used to model the 
fixed effects of treatment, day, and block using the following model:	
Y$%. = 	µ +	)* + /, +	)*×	/, +	+1 +	ε$%.	
Where Y$%. = the observations for dependent variables; µ = the overall mean;  )* = the fixed 
effect of the ith treatment; /, = the repeated measurement (day) effect; )*×	/, = the interaction of 
treatment and repeated measurement; +1 = effect of the kth block; and	ε$%. = the random residual 
error. The estimation method was restrictive maximum likelihood (REML) and the degrees of 
freedom method was Kenward-Rogers (Littell et al., 2002). Variables were subjected to 5 
covariance structures: compound symmetry, autoregressive order 1, autoregressive 
heterogeneous order 1, unstructured, and Toeplitz. The covariance structure that yielded the 
lowest corrected Akaike information criterion was compound symmetry and used in the model 
(Littell et al., 2002). For both models, cow was the experimental unit and considered as a random 
effect.  
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Somatic cell count was log transformed for better normality and homoscedasticity of 
residuals. Data presented for this variable was back-transformed. Two treatment orthogonal 
contrasts were used. Contrast 1 (CONT1): The negative control treatment (saline injection and 
no AF challenge) compared with the positive control treatment (saline injection + AF challenge). 
Contrast 2 (CONT2): The positive control treatment (saline injection + AF challenge) compared 
with the mineral injection treatment cows (mineral injection + AF challenge). Residuals 
distribution was evaluated for normality and homoscedasticity.  
Cows that developed mastitis (n = 2, POS; n =1, CON; n = 1, MM) during the 
measurement phase (d 57 to 63) were removed from the dataset along with cows that had 
abnormally low milk production (0.77 ±  0.21 kg / d) due to later stage of lactation (DIM = 419 ± 
3 d; n = 1, MM). Statistical significance was declared at P ≤ 0.05 and trends at 0.05 < P ≤ 0.10.  
 
RESULTS 
Diet Composition  
The ingredient composition of the diet is in Table 2.1. Analyzed nutrients from the 
experimental diet are in Table 2.2.  The physical characteristics of the TMR, based on the Penn 
State Particle Separator (Kononoff et al., 2003) was (mean ± SD) 2.6 ± 1.0% on upper (19 mm 
pore size), 42.9 ± 8.6% on middle (8 mm pore size), 15.0 ± 0.5% on lower (4 mm pore size) 
sieves, and 39.5 ± 10.0% in the pan.  
DMI, BW, BCS, and Lactation Performance 
Performance data from the measurement phase (d 57 to 63) are in Table 2.3. There were 
no treatment differences for either contrasts (CONT1 or CONT2) for DMI, milk yield, BW, or 
DMI as a percentage of BW. Body condition score was greater for cows in POS than cows in 
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NEG (P = 0.02). Fat-corrected milk (3.5%) tended to be greater for cows in NEG compared with 
cows in POS (P = 0.09). Cows in POS had decreased feed conversion compared to cows in NEG 
[3.5% FCM / DMI, P = 0.02; ECM / DMI, P = 0.01; and Milk yield / DMI, P = 0.02]. Protein 
yield (kg/d), tended to be greater for cows in NEG compared with cows in POS (P = 0.10). Cows 
in POS had greater MUN concentrations than cows in both NEG and MM (P = 0.05 and 0.03, 
respectively). The number of milkings with positive SNP tests (greater than 0.5 µg AFM1 / kg 
milk) and total milk discarded (landfill due to regulations by the FDA on AFM1 concentrations) 
was greater for cows in POS than from cows in CON (P < 0.0001 and P < 0.0001, respectively).  
Aflatoxin Concentrations 
Aflatoxin concentrations in TMR were below detection limits (10 µg AF / kg TMR). 
Aflatoxin concentrations in milk are in Table 2.3. Milk AFM1 concentrations during the 
measurement phase were lower (P < 0.0001) for cows in NEG compared to cows in POS. Cows 
in CON had lower (P < 0.0001) AFM1 concentrations at d 60 than cows in POS. Cows in CON 
had lower AFM1 excretion and transference (P < 0.0001 and P < 0.0001, respectively) during 
the measurement phase than cows in POS. A treatment effect and a day effect were observed for 
milk AFM1 concentration during the measurement phase (P < 0.0001 and P <0.0001, 
respectively), as well as a treatment × day interaction (P < 0.0001; Figure 2.1).  
Serum and Plasma Chemistry Profile 
 Serum and plasma chemistry profiles are in Table 2.4. Albumin (g/dL) was greater (P = 
0.04) for cows in POS compared to those in MM, and tended to be greater (P = 0.09) for cows in 
POS compared to those in NEG. Blood urea nitrogen (mg/dL) was greater (P = 0.04) for cows in 
POS compared to those in MM. Cows in MM had greater plasma concentrations of alkaline 
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phosphatase (U/L) than cows in POS (P < 0.001). Cows in MM tended to have increased plasma 
GSH-Px activity (nmol/min/mL) compared to cows in POS (P = 0.10). 
Liver Mineral Concentration 
 Liver mineral concentration data are in Table 2.4. Cows receiving the mineral injection 
(MM) had greater liver concentrations of Se (µg/g of liver DM) than cows in POS (P = 0.04). 
Cows in MM had greater liver concentrations of Fe (µg/g of liver DM) compared to cows in POS 
(P = 0.02).  
Hepatic Gene Expression 
Accession numbers, gene symbols, as well as forward and reverse sequences for all 
primers are in Table 2.5. Hepatic gene expression data are in Table 2.6. GPX1 expression was 
greater in liver of cows in POS than cows in NEG and MM (P = 0.005 and P = 0.01, 
respectively). Cows in POS tended (P = 0.08) to have greater NFKB1 expression in liver 
compared to cows in NEG.   
 
DISCUSSION 
The objective of this study was to evaluate the effects of two subcutaneous injections of 
15 mg/mL Cu, 5 mg/mL Se, 60 mg/mL Zn, and 10 mg/mL Mn given at 1 mL/90.7 kg of average 
BW to post peak lactating multiparous Holstein cows on performance, blood chemistry, liver 
mineral concentration, and liver inflammatory markers during an aflatoxin challenge. Our 
hypothesis was that cows receiving mineral injection would experience lower oxidative stress 
due to an AF challenge than cows not receiving the mineral injection. 
As in previous studies, decreased milk AFM1 excretion was expected in cows not 
receiving an AF compared to cows receiving an AF (Xiong et al., 2015; Sulzberger et al., 2017; 
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Weatherly et al., 2018). This was supported in the present study, as cows without an AF 
challenge had no AFM1 excretion in milk, lower number of positive AFM1 SNP tests (IDEXX, 
Westbrook, ME), and lower total milk discarded (kg) due to AF contamination. Additionally, 
there were no differences in milk AFM1 excretion between cows treated with or without trace 
mineral injection during an AF challenge. These results were anticipated, as trace mineral is 
injected subcutaneously, and does not sequester AF in the digestive tract. However, other AF 
mitigation strategies, such as adsorbent treatment, are proven to sequester AF by limiting 
bioavailability through ion exchange (Moschini et al., 2008), and have shown decreased milk AF 
excretion (Xiong et al., 2015; Ogunade et al., 2016; Sulzberger et al., 2017). Therefore, trace 
mineral injection does not provide effective decrease in milk AF excretion during an AF 
challenge compared to other an adsorbent mitigation strategy. 
Xiong et al. (2015) reported no differences in DMI, milk yield, or feed efficiency for 
cows with or without an AF challenge. Similar results were present in the current study for DMI 
and milk yield; however, cows receiving an AF challenge without mineral injection had lower 
feed efficiencies (3.5% FCM/DMI, ECM/DMI, and Milk/DMI) than cows without an AF 
challenge. Sulzberger et al. (2017) reported decreased feed efficiencies for cows challenged with 
an AF. These results indicate that an AF challenge negatively affects cow’s metabolic efficiency 
in conversion of feed to milk. 
In the current study, cows in POS had greater MUN and a tendency for lower protein 
yield (kg / d) than cows in NEG. Cows in POS also had greater MUN and BUN than cows in 
MM. The mechanism behind greater nitrogen concentrations in milk and blood during stress are 
not fully understood; however, it is postulated that hepatocyte inflammation may cause increased 
protein degradation via deamination, forming NH4+ as a by-product, and therefore lead to greater 
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BUN and MUN (Pearce et al., 2015; Gao et al., 2017). Although not directly associated with 
stress caused by an AF challenge, research evaluating heat stress provides evidence to support 
this postulation regarding nitrogen metabolism. Gao et al. (2017) reported that heat-stressed 
cows had greater urinary urea nitrogen and MUN, and had a tendency for greater plasma urea 
nitrogen (PUN), than did cows under thermoneutral conditions. Milk protein percentage and 
protein yield were also decreased for heat-stressed cows (Gao et al., 2017).  Similar results have 
been shown in pigs, with heat-stressed pigs having greater concentrations of PUN than non-heat 
stressed pigs (Pearce et al., 2015). Additionally, liver gene expression data may be used to 
support the theory that liver inflammation alters nitrogen metabolism. The gene NFKB1 is 
considered to be anti-apoptosis, and increased NFKB1 expression has been shown to upregulate 
other inflammatory genes, such as TNFA and IL-6 (Baker et al., 2011; Shi et al., 2016). Previous 
work has demonstrated that AF exposure increases NFKB1 expression in rats susceptible to 
hepatocellular carcinoma compared to resistant rats (Shi et al., 2016). In the current study, an 
upregulation in liver NFKB1 gene expression was present for cows in POS compared to cows in 
NEG. These results could indicate an increase in hepatic inflammation and, consequently, 
protein degradation and deamination during an AF challenge, which may be contributing to 
greater nitrogen concentrations in blood and milk.  
 Previous research showed that a subcutaneous injection of 15 mg/mL Cu, 5 mg/mL Se, 
60 mg/mL Zn, and 10 mg/mL Mn given at 1 mL/68 kg of BW resulted in greater concentrations 
of liver Cu and Se, with no difference in Zn or Mn in feedlot cattle (Genther et al., 2014). 
Similarly, in the current study, cows in MM had greater concentrations of liver Se compared to 
cows in POS. The liver represents the storage pool for Se and Cu, however, liver concentrations 
of Zn and Mn do not properly reflect mineral status in dairy cattle (Herdt and Hoff, 2011). This 
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could explain why no differences in liver Zn or Mn concentrations were seen when cows 
received trace mineral injection. Also, trace mineral injection occurred on d 29 of the 
experimental period, 31 days prior to liver biopsies, which may have effected liver concentration 
of trace minerals at the time of biopsy. Additionally, all cows received adequate concentrations 
of trace minerals in the diet based on NRC (2001) requirements, which may be responsible for 
no statistical difference in liver Cu concentration between treatments. Selenium is an important 
trace mineral necessary for many physiological functions and antioxidant defense systems 
(Sordillo, 2013). Selenium manifests itself in the innate immune response as selenocysteine, 
which is incorporated into selenoproteins by replacing protein sulfur residues (Sunde et al., 
1997). Glutathione peroxidase (GSH-Px) is a primary antioxidant selenoprotein, and functions to 
protect neutrophils during oxidative stress by reducing hydrogen peroxides to water (Rotruck et 
al., 1973; Sordillo, 2013). Teixeira et al. (2014) reported that calves supplemented with trace 
minerals had increased plasma GSH-Px activity compared to calves without supplementation. In 
the current study, plasma GSH-Px activity tended to increase for cows in MM compared to cows 
in POS. Additionally, there was an upregulation in liver GPX1 expression for cows in POS 
compared to cows in both CON and MM. Bernabucci et al. (2011) reported that bovine blood 
peripheral mononuclear cell gene expression of GPX1 increased during an AFB1 challenge. This 
is similar to results in the current study; however, there was an upregulation in liver gene 
expression of GPX1 for cows in POS compared to those in MM. This indicates that cows in POS 
had an increased demand for GSH-Px synthesis to assist in the antioxidant defense system 
compared to those in MM. Previous research has revealed that increased serum Se concentration 
is correlated to increased GSH-Px activity in cattle (Koller et al., 1984). Although serum Se 
concentrations were not measured in the current study, Pogge et al. (2012) observed increased in 
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serum Se concentrations and red blood cell GSH-Px activity in beef cattle when treated with 
trace mineral injection at 1 mL/45 kg of BW. Additionally, Bittar et al. (2017) observed 
increased serum Se and Mn in dairy calves when treated with trace mineral injection at 1 mL/45 
kg of BW. This suggests that cows receiving trace mineral injection had increased Se which was 
used as a co-factor for GSH-Px production. Therefore, the authors propose that mineral injection 
has a positive impact on supplying cows with adequate trace mineral cofactor to increase 
antioxidant activity, primarily GSH-Px activity, during an AF challenge.   
Alkaline phosphatase (ALP) is an inflammatory-related enzyme that uses zinc as a 
cofactor, and is present in high concentrations in the liver (Naber et al., 1996; Beumer et al., 
2003; Herdt and Hoff, 2011). Plasma ALP concentrations were greater for cows challenged with 
AF and receiving trace mineral injection compared to those without trace mineral injection. 
Weatherly et al. (2018) reported that cows receiving adsorbent (yeast cell wall + bentonite clay) 
had greater serum ALP concentrations (47.2 U/L) compared to cows without absorbent treatment 
(38.1 U/L) during an AF challenge. Increased plasma ALP concentrations have been attributed to 
liver dysfunction in cows undergoing heat stress (Kargar et al., 2015); however, in the present 
study, no difference was observed for plasma ALP concentration between cows with or without 
an aflatoxin challenge. Berrie et al. (1995) reported that lambs supplemented with Zn had 
increased serum ALP activity compared to lambs without Zn supplementation. Additionally, 
previous research showed that rats supplemented with Zn had higher ALP activity compared to 
rats without Zn supplementation (Naber et al., 1996). Therefore, the authors postulated that 
increased plasma ALP for cows in MM compared to cows in POS was due to supplementation of 
Zn from trace mineral injection rather than liver dysfunction.  
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Albumin is a negative acute phase protein, and its presence in blood is an indicator of 
liver functionality (Bertoni et al., 2008; Zhou et al., 2016). Previous studies have indicated that 
albumin plays an important role in AFB1 transport throughout the body (Evrain et al., 1977; 
Wild et al., 1992). Plasma albumin was increased for cows in POS compared to cows in both 
NEG and MM. These data may indicate an increased need for albumin-mediated transport of 
AFB1 for cows receiving an AF challenge compared to those with no AF challenge. However, it 
is important to note that albumin concentrations for all treatments were within normal bovine 
biological ranges (2.9 to 3.9 g/dL; Lumsden et al., 1980), and biological relevance of this 
outcome must be carefully evaluated. 
Superoxide anion (O2-) is a by-product of the oxidation of xanthine by xanthine oxidase 
during aerobic metabolism, and increases in concentration during oxidative stress (McCord and 
Fridovich, 1968; Liddell et al., 2006). Superoxide anions and hydrogen peroxides have the 
capability to release Fe from ferritin, as well as other Fe-containing dehydratase enzymes, such 
as dihydroxy acid dehydratase, aconitase, and fumerases A and B, via inactivation (Williams et 
al., 1984; Liochev and Fridovich, 1999). Superoxide dismutases are either Cu-, Mn-, or Zn- 
dependent, and have been shown to decrease concentrations of intracellular O2- by decreasing 
xanthine oxidation, consequently limiting iron release (Munday and Winterbourn, 1989; Reif, 
1992). In addition, GSH-Px is responsible for disposal of peroxides, which are the product of 
SOD disproportionation of superoxide anion (Liddell et al., 2006; Sordillo, 2013). Weatherly et 
al. (2018) reported that cows receiving an AF challenge had greater concentrations of plasma 
SOD than cows not receiving an AF. In the current study there was no difference in SOD activity 
among treatments. 
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Increased SOD concentrations in Weatherly et al. (2018) may have been due to the 
increased proportion of DMI as percentage of BW [3.41% for cows not receiving AF (CON) and 
3.39% for cows receiving AF (POS)] and, subsequently, proportion of AF intake by BW 
compared to the current experiment. Additionally, no difference between treatments was seen in 
the current study for SOD2 hepatic gene expression, which is an indicator of Mn-dependent SOD 
activity in the hepatic cytoplasm. No difference in SOD2 expression may have been due to acute 
AF exposure (3d), and increased duration of AF challenge may have elicited SOD2 expression 
changes. Two other isoforms of SOD have been identified and characterized in mammals 
(SOD1, Cu-Zn dependent; and SOD3, extracellular superoxide dismutase) that elicit similar 
functions to SOD2 (Miao and St. Clair, 2009). Further research is needed to fully understand the 
relationship among all isoforms and their co-factors, in different tissues, during the AF induced 
inflammatory process and their ability to scavenge O2-.  
However, as previously mentioned, there was an increased activity of plasma GSH-Px for 
cows in MM compared to those in POS. Additionally, liver Fe concentration was decreased for 
cows in POS compared to cows in MM. These results could indicate that cows receiving an AF 
challenge and no trace mineral injection underwent greater oxidative stress than cows not 
receiving the trace mineral injection. However, the physiological relevance of this data must be 
evaluated with caution, as liver Fe concentrations for all treatments were within biological 
references ranges for healthy cows (140 to 100 µg/g of liver; Underwood and Suttle, 2014), and 






Two subcutaneous injections of 15 mg/mL Cu, 5 mg/mL Se, 60 mg/mL Zn, and 10 
mg/mL Mn given at 1 mL/90.7 kg of average BW to post peak lactating multiparous Holstein 
cows during an AF challenge increased liver concentrations of Se and Fe, as well as plasma ALP 
concentration. Trace mineral injection did not influence AF excretion in milk during an AF 
challenge. However, decreased MUN, serum BUN, and liver GPX1 expression as well as 
increased serum GSH-Px activity for cows treated with trace mineral injection indicate a positive 
antioxidant response when an AF challenge is present. It is still to be determined the effects of 
trace mineral injections in cows exposed to a prolonged AF challenge (e.g.; the duration of the 
experimental period instead of a bolus) on blood and liver inflammatory markers. Other 
mycotoxins of biological relevance [e.g.; deoxynivalenol (DON or vomotoxin)] and classified as 
carcinogens also deserve attention.   
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TABLES AND FIGURE 
Table 2.1. Ingredient composition of the lactation diet fed to cows 
with negative control with no mineral injection (NEG), positive 
control with no mineral injection (POS), and treatment with mineral 
injection of Multimin 90 (MM) throughout the study 
Ingredient  % of DM 
Corn silage1 36.37 
Canola meal 11.71 
Alfalfa hay  11.20 
Corn gluten feed 8.29 
Soy hulls 4.29 
Wheat straw  2.34 
Dry ground corn grain 19.25 
Blood meal 1.89 
Rumen protected lysine2 0.62 
Rumen protected methionine3 0.15 
Potassium carbonate 0.13 
Sodium bicarbonate  1.31 
Calcium 1.08 
Potassium chloride 0.44 
Urea 46%  0.33 
Salt, White 0.20 
Magnesium oxide 54% 0.19 
Vitamin and mineral mix4 0.22 
1All treatments fed at 34.2% corn silage DM. 
2Ajipro-L Generation 2 (Ajinomoto Heartland, Inc., Chicago, IL). 
3Smartamine M (Adisseo, Alpharetta, GA). 
4 Vitamin and mineral mix was formulated to contain 12.51% Ca, 
14.06% Na, 9.60% Cl, 3.18% Mg, 6.48% K, 0.19% S, 26.93 mg/kg 
Co, 301.01 mg/kg of Cu, 40.22 mg/kg of I, 678.25 mg/kg Fe, 
1,519.35 mg/kg Mn, 8.62 mg/kg Se, 4.47 mg/kg of organic Se, 
1621.05 mg/kg of Zn, 43.34 kIU/kg Vitamin A, 10.89 kIU.kg of 
Vitamin D3, 466.41 IU/kg of Vitamin E, 4.23 mg/kg of biotin, 46.65 





Table 2.2. Mean chemical composition and associated 
standard deviations for diets fed to cows with negative 
control with no mineral injection (NEG), positive 
control with no mineral injection (POS), and treatment 
with mineral injection of Multimin 90 (MM) 
throughout the study 
Item Mean1 SD2 
DM, % 46.6 1.24 
CP, % of DM 17.5 0.39 
ADF, % of DM 18.4 1.29 
NDF, % of DM 30.6 1.16 
Lignin, % of DM 3.5 0.21 
NFC, % of DM 38.1 1.76 
Starch, % of DM 29.1 1.93 
Crude fat, % of DM 3.9 0.73 
Ash, % of DM 9.96 0.10 
TDN, % of DM3 69.3 1.25 
NEL, Mcal/kg of DM3 1.62 0.03 
Ca, % of DM 1.45 0.29 
P, % of DM 0.48 0.01 
Mg, % of DM 0.34 0.02 
K, % of DM 1.52 0.05 
Na, % of DM 0.28 0.03 
S, % of DM 0.31 0.01 
Fe, ppm 468.7 44.91 
Zn, ppm 97.3 6.94 
Cu, ppm 18.00 0.82 
Mn, ppm 99.0 7.35 
Mo, ppm 0.70 0.08 
Se, ppm 0.54 0.02 
¹ Mean diet composition of 3 TMR samples (n = 3). 
2 Maximum SD between all samples. 




Table 2.3. Least squares means and associated SEM during the measurement phase for body 
weight (BW), body condition score (BCS), production parameters response, and aflatoxin 
concentrations found in milk of Holstein cows in negative control with no mineral injection 
(NEG), positive control with no mineral injection (POS), and treatment with mineral injection 
of Multimin 90 (MM)  
 Treatment¹  P-value 
Variable NEG POS MM SEM 
Contrasts2 
1 2 
DMI, kg/d 23.00 24.91 23.42 1.00 0.16 0.33 
BW, kg  734 772 736  16.83 0.12 0.14 
DMI, % of BW 3.14 3.26 3.22 0.17 0.62 0.87 
BCS  3.39 3.61 3.52 0.06 0.02 0.34 
Milk yield       
   Milk yield, kg/d 32.57 29.85 30.60 1.50 0.20 0.73 
   3.5% FCM, kg/d 32.09 28.63 27.95 1.47 0.09 0.75 
   ECM, kg/d 32.84 29.18 30.26 1.63 0.11 0.64 
AFM1 Snap3 0.0 12.8 12.4 0.32 <0.001 0.40 
Milk discarded, kg4 0.00 129.0 128.3 9.55 <0.001 0.96 
Milk composition       
   Fat, % 3.51 3.31 3.33 0.17 0.41 0.92 
   Fat, kg/d 1.11 0.96 0.99 0.07 0.14 0.76 
   Protein, % 3.53 3.43 3.51 0.05 0.17 0.32 
   Protein, kg/d 1.13 1.01 1.07 0.05 0.10 0.42 
   Lactose, % 4.56 4.59 4.52 0.07 0.72 0.50 
   Lactose, kg/d 1.50 1.38 1.42 0.07 0.25 0.71 
   MUN, mg/dL 13.37 14.30  13.27 0.33 0.05 0.03 
   SCC × 1,000 / mL 4.29 4.23 4.54 0.34 0.91 0.53 
3.5% FCM/DMI 1.42 1.16 1.26 0.08 0.02 0.37 
ECM/DMI 1.46 1.18 1.29 0.07 0.01 0.31 
Milk/DMI 1.45 1.22 1.30 0.07 0.02 0.39 
Milk, AFM1 (µg/kg)5   0.00 0.18 0.18 0.01 <0.001 0.90 
Milk, AFM1 d 60 (µg/kg)6  0.00 0.50 0.50 0.03 <0.001 0.92 
AFM Excretion, (µg/d)7 0.00 16.71 15.75 1.82 <0.001 0.66 
AFM Transfer, (%)8 0.00 0.61 0.64 0.06 <0.001 0.74 
¹Treatments were negative control [NEG, saline injection without aflatoxin (AF) challenge, n = 20], positive 
control [POS, saline injection and AF challenge, n = 19], and mineral treatment [MM, mineral injection of 
Multimin 90 and AF challenge, n = 19]. Aflatoxin challenge: 100 µg AF kg of DMI of spiked corn, based on 
average DMI of the last 3 d prior to the challenge. 
2Contrasts were 1 = NEG compared with POS; 2 = POS compared with MM. 
3Number of milkings with a positive snap test. 
4Total amount of milk discarded per cow during the measurement phase. 
5Samples that were analyzed were collected on days 56, 60, and 63. TRT × day interaction was present (P < 
0.0001; Figure 2.1) 
6Samples that were analyzed were collected on day 60. 
7AFM Excretion = AFM1 (µg) concentration in milk on d 60 × Milk yield on d 60 (kg). Calculations were done 
solely on d 60 to demonstrate the effectiveness at the highest concentration of AFM1. NEG = 33.97, POS = 30.54 
kg, MM = 31.21, SEM = 10.50.  
8AFM Transfer = (AFM Excretion, µg/d, / AFM Intake, µg/d) × 100 
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Table 2.4. Least squares means and associated SEM for mineral concentrations found in 
liver and blood metabolites of Holstein cows in negative control with no mineral injection 
(NEG), positive control with no mineral injection (POS), and treatment with mineral 
injection of Multimin 90 (MM) 
 Treatment¹  P-value 
Variable NEG POS MM SEM 
Contrasts2 
1 2 
Liver, µg/g of DM       
Arsenic 0.12 0.12  0.12   0.003 0.74 0.43 
Cadmium 0.13 0.12 0.12 0.005 0.14 0.61 
Cobalt 0.41 0.42 0.42 0.02 0.86 0.87 
Copper 635 609 651 24.20 0.42 0.20 
Iron 201.6 190.8 214.4 7.76 0.27 0.02 
Lead 0.12 0.12 0.12 0.004 0.74 0.65 
Manganese 11.53  12.33 11.64 0.38 0.12 0.18 
Mercury 0.58 0.59 0.60 0.02 0.95 0.61 
Molybdenum 3.79 3.83 3.84 0.11 0.79 0.99 
Selenium 3.86 4.00 4.56 0.20 0.60 0.04 
Thallium 0.12 0.12 0.11 0.003 0.74 0.43 
Zinc 102.7 108.7 110.9 5.30 0.43 0.73 
Blood4       
BUN, mg/dL 16.43 16.55 15.79 0.26 0.76 0.04 
Alkaline phosphatase, U/L 39.5 36.4 44.1 1.76 0.19 <0.001 
BHB, mg/dL 0.51 0.53 0.50 0.03 0.59 0.44 
Albumin, g/dL 3.48 3.57 3.45 0.03 0.09 0.01 
Glucose, mg/dL 55.2 54.1 58.3 2.16 0.73 0.17 
Cholesterol, mg/dL 150.6 158.7 170.6 9.72 0.53 0.36 
SOD, U/mL5 2.50 2.52 2.41 0.12 0.92 0.48 
GSH-Px, nmol/min/mL6   24.9   24.2   30.2 2.48 0.86 0.10 
Serum amyloid A, µg/mL 147 136 180 25.81 0.86 0.87 
¹Treatments were negative control [NEG, saline injection without aflatoxin (AF) challenge, n = 
20], positive control [POS, saline injection and AF challenge, n = 19], and mineral treatment 
[MM, mineral injection of Multimin 90 and AF challenge, n = 19]. Aflatoxin challenge: 100 µg 
AF kg of DMI of spiked corn, based on average DMI of the last 3 d prior to the challenge.  
2Contrasts were 1 = NEG compared with POS; 2 = POS compared with MM. Day differed for 
BUN, alkaline phosphatase, albumin, cholesterol, SOD, and GSH-Px (P < 0.05). TRT differed 
for albumin and alkaline phosphatase (P < 0.05). TRT × Day interaction was not present (P > 
0.08) for all variables. 
3Liver samples analyzed were collected on d 0 and 60.  Day 0 was used as a covariate, while 
60 was analyzed in order to demonstrate the effectiveness at the highest concentration of 
AFM1. 
4All samples were run on blood plasma except cholesterol (blood serum). BUN: Blood urea 
nitrogen; BHB: 	β-hydroxybutyrate. 
5Super oxide dismutase. One unit (U) is defined as the amount of enzyme needed to exhibit 
50% dismutation of the superoxide radical. 
6Glutathione peroxidase activity. One unit (nmol/min) is defined as the amount of enzyme that 




Table 2.5. Accession number, gene symbol, and forward and reverse primer sequences (5’ 3’ used in real time PCR) of genes 
analyzed in liver tissue 
Accession # Symbol Forward sequence Reverse sequence 
BC151546.1 ALB AGTGCTGCACAGAGTCATTGGT GGCTTTGGGTACATATGTTTCATCA 
NM_001256556.1 CP GGTTGACACGGAACATTCCAA GGCCTAAAAACCCTAACCAGACA 
XM_010798596.2 CYP1A2 CAGTAAGGAGATGCTCAGTC CTGTTCTTGTCAAAGTCCTGG 
NM_001034034.2 GAPDH TGGAAAGGCCATCACCATCT CCCACTTGATGTTGGCAG 
NM_182652.2 GLUD1 CGTTTTGGTGCTAAATGTATTGCT CATGTTGCAATTTGAAGTCTTCCA 
NM_174076.3 GPX1 GCAAGGTGCTGCTCATTGAG CGCTGCAGGTCATTCATCTG 
NM_001040470.2 HP GGTTCGGAAAACCATCGCTA CACTCGTGTCCCCTCCCTC 
NM_001013587.1 MDH2 TCTGCATCATCTCAAATCCAGTTAAC GTCACCCCGAAGATTTTGTTG 
NM_001076409.1 NFKB1 TTCAACCGGAGATGCCACTAC ACACACGTAACGGAAACGAAATC 
NM_001101152.2 RPS9 CCTCGACCAAGAGCTGAAG CCTCCAGACCTCACGTTTGTTC 
NM_201527.2 SOD2 CGCTGGAGAAGGGTGATGTT GATTTGTCCAGAAGATGCTGTGAT 
NM_001012673.1 STAT5A TCGCCACATTCTGTACAATGAAC CTGGTTGATCTGAAGGTGTTTCTG 
NM_173966.3 TNFA CCAGAGGGAAGAGCAGTCCC TCGGCTACAACGTGGGCTAC 





Table 2.6.  Least squares means and associated SEM for liver gene expression 
response of Holstein cows in negative control with no mineral injection (NEG), 
positive control with no mineral injection (POS), and treatment with mineral injection 
of Multimin 90 (MM) 
 Treatment¹  P-value 
Variable NEG POS MM SEM 
Contrasts2 
1 2 
Genes3       
ALB 0.97 0.98 0.94 0.07 0.83 0.52 
CP 0.91 1.00 1.09 0.14 0.45 0.53 
CYP1A2 1.05 1.09 1.13 0.09 0.59 0.72 
GLUD1 0.91 0.95 0.87 0.07 0.41 0.12 
GPX1 0.93 1.07 0.95 0.05 0.005 0.01 
HP 0.04 0.07 0.13 0.93 0.46 0.47 
MDH2 1.00 1.00 0.99 0.06 0.98 0.88 
NFKB1 1.01 1.12 1.07 0.06 0.08 0.39 
SOD2 0.97 1.02 0.98 0.07 0.48 0.59 
STAT5A 1.15 1.21 1.22 0.07 0.44 0.84 
TNFA 0.93 1.00 0.90 0.14 0.61 0.43 
¹Treatments were negative control [NEG, saline injection without aflatoxin (AF) 
challenge, n = 20], positive control [POS, saline injection and AF challenge, n = 19], 
and mineral treatment [MM, mineral injection of Multimin 90 and AF challenge, 
n=19]. Aflatoxin challenge: 100 µg AF kg of DMI of spiked corn, based on average 
DMI of the last 3 d prior to the challenge.  
2Contrasts were 1 = NEG compared with POS; 2 = POS compared with MM. 
3Liver samples analyzed were collected on d 0 and 60.  Day 0 was used as a 
covariate, while 60 was analyzed in order to demonstrate the effectiveness at the 
highest concentration of AFM1. 
ALB = albumin; CP = ceruloplasmin; CYP1A2 = cytochrome P450-1A2; GLUD1 = 
glutathione dehydrogenase; GPX1 = glutathione peroxidase 1; HP = haptoglobin; 
MDH2 = malate dehydrogenase 2; NFKB1=  	nuclear factor kappa B1; SOD2 = 
superoxide dismutase 2; STAT5A = signal transducer and activator of transcription 
5A; TNFA = tumor necrosis factor alpha. 
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Figure 2.1. Least squares means and associated SEM for milk AFM1 concentration 
response of Holstein cows in negative control with no mineral injection (NEG), positive 
control with no mineral injection (POS), and treatment with mineral injection of 
Multimin 90 (MM). Samples were taken on d 56, 60, and 63 of the experimental period. 
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INTRODUCTION 
It is estimated that 25% of agricultural crops are affected by aflatoxins (AF), with corn 
being the primary crop of concern within the United States (FAO, 2004, Mitchell et al., 2016). 
Mitigation strategies are vital in minimizing the health and economic risks associated with dairy 
cattle exposure to AF. Producers often implement pre harvest strategies to reduce the appearance 
of AF in their feedstuffs. These strategies include the selection of Aspergillus sp. resistant seed 
strains, implementation of crop rotations, and the use of foliar fungicides or inoculants prior to 
the ensiling process (Betrán et al., 2005; Kabak et al., 2006; Haerr et al., 2015; Kalebich and 
Cardoso, 2017). However, despite mitigations practices implemented by producers, AF can still 
cause a host of issues for humans and dairy cattle. Therefore, the FDA has enforced regulations 
on aflatoxin M1 (AFM1) concentrations in milk for human consumption and total AF (B1, B2, G1, 
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and G2) in animal feed to not exceed 0.5 µg/kg (ppb) and 20 µg/kg (ppb) in the U.S., respectively 
(FDA, 1994). In the European Union, the regulations are stricter, and AFM1 concentrations 
found in milk and total AF (B1, B2, G1, and G2) in feed cannot exceed 0.05 µg/kg (ppb) and 4 
µg/kg (ppb), respectively (European Commission, 2006).  
Short-term exposure of AF to cattle causes a multitude of health problems. These 
problems include, but are not limited to: inappetence, lethargy, and reproductive disorders. 
Additionally, long-term exposure can be increasingly detrimental and may decrease milk 
production and feed efficiency, inhibit vaccine-induced immune function, and cause jaundice 
(Applebaum et al., 1982; Sulzberger et al., 2017). Aflatoxins are also considered toxic due to 
their carcinogenic effects on hepatocytes and their role in immunosuppression (Whitlow and 
Hagler, 2005; Shrestha and Mridha, 2015). Abrar et al. (2013) discussed that AF toxicity results 
from the generation of reactive oxygen species, such as superoxide anion and hydrogen peroxide, 
which lead to AF metabolites adhering to DNA, RNA, intracellular membranes, and proteins. 
Additionally, AF exposure can lead to an increase in inflammatory-related enzymes, as well as 
increased hepatic gene expression of proteins related to inflammatory response mechanisms, 
including NFKB1 and GPX1 (Bernabucci et al., 2011; Shi et al., 2016; Weatherly et al., 2018; 
Pate and Cardoso, 2018). 
To reduce the impact of AF on cattle health, sequestering agents, such as aluminosilicate 
clays, may be added to the diet. Sequestering agents, or adsorbents, have been proven to limit AF 
bioavailability through ion exchange, leading to decreased AF concentrations in milk (Moschini 
et al., 2008). Ogunade et al. (2016) evaluated the immune system response of supplementing 
mycotoxin-sequestering agents to cows during an AFB1 challenge. In that study, a greater mean 
fluorescent intensity of staining was reported for 2 leukocyte adhesion molecules, L-selectin and 
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β-integrin, on neutrophils of cows fed yeast cell culture containing diets and sodium bentonite 
containing diets. Blood neutrophils are the first line of defense in the innate immune system, and 
the greater adhesion molecule florescence suggested a migration of neutrophils to the exposed 
toxin during challenge (Silvestre et al., 2011; Ogunade et al., 2016). This indicated an improved 
immune response to AFB1 when adsorbents were included in the diet. Similarly, cows fed clay 
and challenged with AF tended to have lower plasma superoxide dismutase (SOD) 
concentrations, possibly indicating less oxidative stress when an adsorbent was fed (Sulzberger 
et al., 2017).  
Therefore, the objective of this study was to determine the effects of a commercially-
available aluminosilicate clay in a traditional lactation diet during an AF challenge on the 
presence of AFM1 in milk and urine, AFB1 in feces, production responses, blood chemistry, and 
liver inflammatory markers of multiparous lactating Holstein cows.  
 
MATERIALS AND METHODS 
Animal Care and Housing 
The University of Illinois (Urbana-Champaign) Institutional Animal Care and Use 
Committee approved all experimental procedures (#17038). The experimental period transpired 
from March 2017 to May 2017. Cows were fed ad libitum for a 5 % minimum refusal and had 
constant access to water. Diet (TMR) was formulated according to NRC (2001) 
recommendations (Table 3.1), based on cows at 180 DIM, 703 kg of BW, producing 32 kg of 




Experimental Design and Aflatoxin Challenge Procedure 
 A total of 16 multiparous, lactating, Holstein cows [BW (mean ± SD) = 758 ± 76 kg; 
DIM = 157 ± 43 d] were assigned to 1 of 4 treatments in a replicated 4 × 4 Latin square design 
balanced to measure carryover effects. Periods (21 d) were separated into an adaptation phase (d 
1 to 13) and a measurement phase (d 14 to 21). From d 15 to 17 cows received an AF challenge 
comparable to the one offered by Kutz et al. (2009). The Veterinary Medical Diagnostic 
Laboratory, College Veterinary Medicine, University of Missouri, Columbia provided the dietary 
AF, which was made of Aspergillus parasiticus (NRRL-2999) culture material containing 102 
mg/kg of AFB1, 3.5 mg/kg of AFB2, 35 mg/kg of AFG1, and 0.9 mg/kg of AFG2. The challenge 
consisted of 100 µg of AFB1/kg of dietary DMI administered orally in 28-mL gelatin capsules 
(Structure Probe Inc., West Chester, PA) via balling gun immediately after feeding. Aflatoxin B1 
allocation was determined based on the individual average DMI from d 12 to 14. Treatments 
were: no adsorbent and no AF challenge (CON), no adsorbent and an AF challenge (POS), 113 
g of aluminosilicate clay (adsorbent; FloMatrix™, PMI Nutritional Additives, Arden Hills, MN) 
with an AF challenge (F4), or 227 g of adsorbent with an AF challenge (F8). One treatment 
contrast (POS vs CON) was compared along with linear and quadratic treatment effects [POS, 
F4, and F8]. The same TMR was fed to all cows once daily at 0700 h throughout the trial period. 
The daily adsorbent allocation for F4 and F8 was mixed with 300 g of ground corn and top 
dressed onto the TMR immediately after feeding. Cows in POS and CON were administered a 
top dress consisting of 300 g of ground corn immediately after feeding. 
Data Collection and Sampling Procedures 
Samples of TMR (Table 3.2) were obtained weekly and analyzed for DM (AOAC, 
1995a) by drying in a forced-air oven at 110  for 24 h. Diet composition was adjusted weekly 
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for DM content changes of ingredients. The daily TMR offered and refused was recorded from 
each cow to determine intake based on weekly DM analyses. Total mixed ration samples were 
collected weekly (3 per period) and stored at –20  until analyzed. Composite samples for each 
period (n = 4) were analyzed for contents of DM, CP, ADF, NDF, lignin, NFC, starch, fat, ash, 
TDN, Ca, P, Mg, K, Na, Fe, Zn, Cu, Mn, Mo, and S using wet chemistry methods (Dairy One, 
Ithaca, NY; Table 3.2). Values for NEL were provided by the laboratory and were calculated 
based on NRC (2001). Additionally, one composite sample per period (n = 4) was stored at 
−20  until being sent to the Veterinary Medical Diagnostic Laboratory, College Veterinary 
Medicine, University of Missouri, Columbia, to be analyzed for AF concentrations. Physical 
characterization of the TMR, based on the Penn State Particle Separator (Kononoff et al., 2003), 
was performed weekly.  
Cows were milked 3 × daily at 0600, 1300, and 2200 h. Milk weights were recorded at 
each milking, and milk samples were attained at each milking throughout the measurement 
phase. A preservative (800 Broad Spectrum Microtabs II; D&F Control Systems, Inc., San 
Ramon, CA) was added to the samples taken on d 15 and 17. Preserved samples were stored in a 
refrigerator at 8 , composited in proportion to milk yield at each milking, and sent to a 
commercial laboratory (Dairy Lab Services, Dubuque, IA). Milk samples were analyzed for 
contents of fat, true protein, MUN, lactose, total solids, and for SCC using mid-infrared 
procedures (AOAC, 1995b; Table 3.3). The appearance and disappearance of the AFM1 excreted 
in milk was tested at each milking during the measurement phase with the use of a SNAP AFM1 
test (SNAP; IDEXX, Westbrook, ME; detection level of 0.5 µg AFM1 / kg milk). On d 14, 18, 
and 21, milk samples were stored at −20  until they were composited by day and sent to the 
Veterinary Medical Diagnostic Laboratory, College Veterinary Medicine, University of 
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Missouri, Columbia, to be analyzed for AFM1 concentrations by HPLC with fluorescence 
detection methods as described by Kutz et al. (2009; Table 3.4).  
Urine samples (60 mL) were collected at 0730 h on d 14, 18, and 21 via manual 
stimulation of urination. Fecal samples (400 g, wet weight) were collected on d 14, 18, and 21 
directly from the cow’s rectum. Fresh urine samples (5 mL) were sent to the University of 
Illinois Veterinary Diagnostic Laboratory for total bacteria count on d 14 and 18. Urine and fecal 
samples were stored at −20  until they were sent to the Veterinary Medical Diagnostic 
Laboratory, College Veterinary Medicine, University of Missouri, Columbia, to be analyzed for 
AFB1 and AFM1 concentrations (Table 3.4). Prior to analysis, feces were thawed, dried in a 
forced air oven at 55 °C for 72 h, then samples were ground (Thomas-Wiley Laboratory Mill, 
Swedesboro, NJ) through a 1-mm screen. Additionally, a subset of dried fecal samples were 
composited by period (n = 4) and were sent to a commercial laboratory (Dairy Lab Services, 
Dubuque, IA) to be analyzed for fecal starch. 
Blood samples were taken from the coccygeal vein or artery at 0730 h on d 14, 18, and 21 
(n = 3) of each period from each cow (BD Vacutainer; BD and Co., Franklin Lakes, NJ). Serum 
and plasma samples were attained via centrifugation of the tubes at 2,500 × g for 15 min at 4 °C 
and stored at −80  until further analysis was conducted. Beta-hydroxybutyrate was analyzed 
from whole blood immediately after sampling using a digital cow-side ketone monitor (Nova 
Max Plus, Nova Biomedical Corporation, Waltham, MA). Heparinized plasma samples were 
sent to the University of Illinois Veterinary Diagnostic Laboratory to be analyzed for bovine 
chemistry profiles (BUN, albumin, glutamate dehydrogenase, alanine aminotransferase, and 
gamma-glutamyl transferase) using the AU680 Beckman Coulter analyzer 
(http://vetmed.illinois.edu/vet-resources/veterinary-diagnostic-laboratory/clinical-pathology/). 
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Commercially available assay kits were used to analyze heparinized plasma samples for glucose, 
superoxide dismutase (SOD) activity, glutathione peroxidase (GSH-Px) activity, serum amyloid 
A (SAA), and lipopolysaccharide binding protein (LBP). Plasma glucose was assessed using the 
Glucose Autokit Assay (Wako Pure Chemical Industries, Ltd., Mountain View, CA). Serum 
cholesterol was assessed using the Cholesterol E assay (Wako Pure Chemical Industries, Ltd., 
Mountain View, CA); following manufacturer’s instructions. Plasma SOD activity was assessed 
using a Superoxide Dismutase Assay kit which measured the dismutation of superoxide radicals 
produced by xanthine oxidase and hypoxanthine (Cayman Chemical, Ann Arbor, MI); following 
manufacturer’s instructions. Plasma GSH-Px activity was measured using the Glutathione 
Peroxidase Assay kit with an indirect enzymatic recycling method, using glutathione reductase 
for the quantification of glutathione reduction by GSH-Px (Cayman Chemical, Ann Arbor, MI); 
following manufacturer’s instructions. Serum amyloid A was assessed using the Phase Range 
Multispecies SAA ELISA kit (Tridelta Development, Ltd., Maynooth, Ireland); following 
manufacturer’s instructions. Plasma LBP was assessed using the Human Lipopolysaccharide 
Binding Protein Multispecies Reactive ELISA Kit (Cell Sciences, Newburyport, MA); following 
manufacturer’s instructions. 
Liver biopsies were performed on d 18 of each period using a similar technique to that 
described in Pate and Cardoso (2018). Briefly, an 18-gauge × 10.2 cm bone marrow probe 
(Monoject-8881247087, Medtronic, Fridley, MN), was used to obtain approximately 2 g (wet 
weight) of liver sample. Liver samples were snap-frozen and stored in liquid nitrogen until 
further analysis.  
Evaluations of health, fecal score, body weight (Ohaus digital scale, model CW-11, 
Newark, NJ), and BCS [assigned in quarter-unit increments weekly for each cow (Ferguson et 
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al., 1994) by more than one person independently at each time of scoring and the average score 
was used for statistical analysis.] were performed throughout the measurement phase as 
described in Pate and Cardoso (2018).  
Hepatic Gene Expression  
Complete details of the procedures are included in the Supplemental Materials. Briefly, 
total RNA was extracted and used for cDNA synthesis. Real-time quantitative PCR preformed 
was SYBR Green-based, using a 6-point standard curve. The extraction and qPCR analysis were 
performed using previously established protocols at the University of Illinois (Riboni et al., 
2015). Nine genes were selected for transcript profiling in liver tissue; albumin (ALB), 
cytochrome P450-1A2 (CYP1A2), glutamate dehydrogenase (GLUD1), haptoglobin (HP), 
malate dehydrogenase (MDH2), mechanistic target of rapamycin (MTOR), nuclear factor kappa 
B (NFKB1), signal transducer and activator of transcription (STAT5A), and tumor necrosis 
factor α (TNFA). All primers were designed for the current experiment (Integrated DNA 
Technologies, Coralville, IA). The final data were normalized using the geometric mean of 3 
internal control genes: GAPDH, RPS9, and UXT (Khan et al., 2015). 
Histological Hepatocyte Inflammation Evaluation 
 Histological hepatocyte inflammation was assessed for liver tissue collected on d 18 of 
each period. Approximately 0.1 g (wet weight) of fresh liver samples were immediately placed in 
1.5 mL of formalin for 24 h before being transferred to 70 % ethanol and sent to the University 
of Illinois Veterinary Diagnostic Laboratory for paraffin embedding and hematoxylin and eosin 
staining. Evaluations were conducted on 5 subsections of each sample (n = 64) at 40× 
magnification. A hepatic activity score was used to evaluate hepatocyte inflammation, similar to 
methods described by Ishak et al. (1995): score 0 = no hepatocytes exhibiting grey pallor or 
89 
swelling; score 1 = less than 50 % of hepatocytes exhibiting grey pallor or swelling; score 2 = 
greater than 50 % of hepatocytes exhibiting grey pallor or swelling (Figure 3.1). Hepatic activity 
score was categorized at the median concentration value of score 1.25 as high (HHAS) or low 
(LHAS). Even though dichotomization can reduce total information, this strategy allowed for 
exploration of the nonlinear association of hepatic activity score that have reduced variation 
(Ishak et al., 1995). 
Aflatoxin Calculations 
Aflatoxin M1 excretion in milk, µg/kg, was calculated in comparison to Maki et al. 
(2016) using the following equation: Excretion (µg/kg) = concentration of AFM1 in milk on d 18 
(µg) × milk yield on d 18 (kg) and AF transfer (%) = [AF excretion (µg/kg) / AFB1 challenge 
(µg/kg)] × 100. 
Statistical Analyses 
 Data collected from d 14 to 21 of each period were analyzed using SAS (v. 9.4, SAS 
Institute Inc., Cary NC). The MIXED procedure of SAS was used for production variables to 
model the fixed effects of treatment, square, and period:	
Y#$% = 	µ +	)* + +, +	-. + ε#$% 
Where Y#$% = the observations for dependent variables; µ = the overall mean;  )* = the fixed 
effect of the ith treatment; +, = effect of the jth square; -. = effect of the kth period; and ε#$% = the 
random residual error. For variables with measurement over time, the MIXED procedure of SAS 
was used to model the fixed effects of treatment, day, treatment × day interaction, square, and 
period using the following model: 
Y#$%0 = 	µ +	)* + 1, +	)*×	1, +	+. + -3 +	ε#$%0 
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Where Y#$%0 = the observations for dependent variables; µ = the overall mean;  )* = the fixed 
effect of the ith treatment; 1, = the repeated measurement (day) effect; )*×	1, = the interaction of 
treatment and repeated measurement; +. = effect of the kth square;	-3 = effect of the lth period; 
and ε#$%0 = the random residual error. The estimation method was restrictive maximum likelihood 
(REML) and the degrees of freedom method was Kenward-Rogers (Littell et al., 2002). 
Variables were subjected to 5 covariance structures: compound symmetry, unstructured, 
autoregressive order 1, autoregressive heterogeneous order 1, and Toeplitz. Compound 
symmetry was the covariance structure that yielded the lowest corrected Akaike information 
criterion and was utilized in the model (Littell et al., 2002). For both models, cow was the 
experimental unit and considered as a random effect.  
One orthogonal contrast was used along with the linear and quadratic effects of 
treatments POS, F4, and F8. Contrast (POS vs CON): the positive control treatment (no 
adsorbent and AF challenge) compared with the negative control treatment (no adsorbent and no 
AF challenge). Values reported are least squares means and associated standard errors of the 
mean. Normality and homoscedasticity of residuals distribution was evaluated. Somatic cell 
count, plasma glutamate dehydrogenase, plasma LBP, and plasma SAA were log transformed for 
better normality and homoscedasticity of residuals. Data presented for these variables were back 
transformed. Frequency analysis was performed using the FREQ procedure of SAS considering 
the binary response variable snap test using the chi-square probability. Finally, multivariable 
logistic mixed models (PROC GLIMMIX) considering the binary outcome variable and 
histological hepatocyte inflammation score were constructed. Treatments were forced into the 
models. Cow was considered as a random effect. Cows that developed illness (n = 1, CON) 
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during the measurement phase (d 14 to 21) were removed from the dataset. Statistical 
significance was declared at P ≤ 0.05 and trends at 0.05 < P ≤ 0.10.  
 
RESULTS 
Diet Composition  
The ingredient composition of the experimental diet is in Table 3.1. Analyzed nutrient 
composition from the experimental diet are in Table 3.2. The physical characteristics of the TMR 
based on the Penn State Particle Separator (Kononoff et al., 2003) was (mean ± SD) 3.3 ± 1.1 % 
on upper (19 mm pore size), 38.9 ± 4.0 % on middle (8 mm pore size), 13.5 ± 1.8 % on lower (4 
mm pore size) sieves, and 44.4 ± 5.0 % in the pan. Fecal starch level for all periods (n = 4) was 
(mean ± SD) 3.2 ± 0.5 % DM. 
DMI, BW, BCS, and Lactation Performance 
Performance data from the measurement phase are in Table 3.3. There were no treatment 
differences for the contrast (POS vs CON), linear, or quadratic effects for DMI, BW, DMI as a 
percentage of BW, or BCS. Milk yield exhibited linear and quadratic treatment effects (P = 0.04 
and P = 0.007, respectively). Fat-corrected milk and ECM had positive linear treatment effects as 
concentration of adsorbent in the diet increased (P = 0.04 and P = 0.05, respectively). There 
were no treatment differences (P > 0.16) in feed efficiency (FCM/DMI, ECM/DMI, and milk 
yield/DMI) for the contrast (POS vs CON), linear, or quadratic effects. Protein yield (kg/d) had a 
quadratic treatment effect (P = 0.01). Lactose yield (kg/d) had linear and quadratic treatment 
effects (P = 0.05 and P = 0.01, respectively). The number of positive SNAP tests (greater than 
0.5 µg AFM1 / kg milk) and total milk discarded (landfill due to regulations by the FDA on 
AFM1 concentrations) was greater for cows in POS than cows in CON (P < 0.0001 and P < 
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0.0001, respectively; POS vs CON). The SNAP tests had a negative linear treatment effect with 
the number of positive tests decreasing as the concentration of adsorbent in the diet increased (P 
= 0.02).  
Aflatoxin Concentrations and Urine Total Bacteria Count 
Aflatoxin concentrations in TMR were below detection limits (10 µg AF/kg of TMR) for 
all periods (n = 4). Aflatoxin M1 concentrations in milk and urine, AFB1 concentrations in feces, 
total bacteria count in urine, as well as AFM1 excretion and transference in milk data are in Table 
3.4. Treatment × day interactions for AFM1 concentration in milk, urine, and feces are shown in 
Figures 2, 3, and 4, respectively. Day effect for urine total bacteria count are in Figure 3.5.  Milk 
AFM1 concentration, urine AFM1 concentration, and fecal AFB1 concentration were lower for 
cows in CON compared to cows in POS (P < 0.0001; POS vs CON). On day 18, milk 
concentration, transfer rate and excretion of AFM1 were lower for cows on CON compared with 
those on POS (P < 0.0001; POS vs CON). There were negative linear treatment effects for milk 
AFM1 concentration and milk AFM1 concentration at d 18 as concentration of adsorbent in the 
diet increased (P = 0.02 and P = 0.001, respectively). A quadratic treatment effect was present 
for AFM1 transference (P = 0.03). There was a negative linear treatment effect for AFM1 
concentration in urine and feces as concentration of adsorbent in the diet increased (P = 0.04 and 
P = 0.05, respectively). Concentration of AFM1 in milk, urine, and feces had a treatment and a 
day effect (P < 0.0001 and P < 0.0001, respectively), as well as a treatment × day interaction (P 
< 0.0001). A day effect was present for total bacteria count in urine (P < 0.05). 
Serum and Plasma Chemistry Profile 
Serum and plasma chemistry profiles are in Table 3.5. Cows in CON had greater 
concentrations of serum cholesterol (P < 0.001) and plasma SOD (P = 0.04), and tended to have 
93 
increased whole blood BHB concentrations (P = 0.06) compared to cows in POS (POS vs CON). 
Cows in POS tended to have increased plasma albumin concentrations (P = 0.09) compared to 
cows in CON (POS vs CON). There was a positive linear treatment effect for plasma glutamate 
dehydrogenase (P = 0.05) as concentration of adsorbent in the diet increased. A positive linear 
trend was present for plasma alanine aminotransferase (P = 0.06) as concentration of adsorbent 
in the diet increased. No treatment × day interactions were observed for any blood variables (P > 
0.11).  
Hepatic Gene Expression 
Accession numbers, gene symbols, as well as forward and reverse sequences for all 
primers used are in Table 3.6. Hepatic gene expression data are in Table 3.7. The expression of 
NFKB1 was greater in liver of cows in POS compared to cows in CON (P = 0.04; POS vs CON). 
The expression of MTOR was greater in liver of cows in CON compared to cows in POS (P = 
0.04; POS vs CON). A quadratic treatment effect occurred for GLUD1 expression in liver of 
cows as adsorbent concentration increased in the diet (P = 0.04). There was a positive linear 
trend for HP expression in liver of cows as adsorbent concentration increased in the diet (P = 
0.10). 
Liver Histology 
 Odds ratios (OR) for effects of treatment on hepatocyte inflammation were determined 
(Table 3.8). When compared with cows in CON, cows in POS had greater OR for hepatocyte 
inflammation (OR = 5.14, P = 0.05). When compared with cows in F8, cows in POS tended to 





The objective of this study was to determine the effects of a commercially-available 
aluminosilicate clay in a traditional lactation diet during an aflatoxin challenge (AFB1) on the 
presence of AFM1 in milk and urine, AFB1 in feces, production responses, blood chemistry, and 
liver inflammatory markers of multiparous lactating Holstein cows. The hypothesis was that 
cows receiving aluminosilicate clay would experience lower AF excretion in milk, urine, and 
feces, and would therefore exhibit lower oxidative stress than cows not receiving adsorbent.  
No differences in DMI or feed efficiency among cows with or without an AF challenge 
were observed in the present study. Similarly, Xiong et al. (2015) reported no differences in DMI 
or feed efficiency for cows with or without an AF challenge. However, these results differ from 
those seen in Pate and Cardoso (2018), in which AF challenged cows had poorer feed 
efficiencies than cows without AF challenge. Previous studies have found that inclusion of 
adsorbents in a diet fed to cows receiving AF resulted in no difference in milk yield, or even a 
decrease in milk yield (Queiroz et al., 2012; Ogunade et al., 2016; Weatherly et al., 2018). 
However, a positive linear treatment effect for FCM and ECM, and a quadratic treatment effect 
for milk yield were observed in the present study with a 7.5 % (F4) and 4.4 % (F8) milk yield 
increase compared to POS. In the present study, a positive linear and a quadratic treatment effect 
were observed for lactose yield (kg/d). Sulzberger et al. (2017) reported a negative linear 
treatment effect on milk yield and a negative linear trend for lactose yield as adsorbent 
concentration increased in the diet. In the current study the positive linear trend for ECM could 
be responsible for the increased lactose yield in adsorbent treated cows. Additionally, in the 
current study, a positive quadratic treatment effect was observed for protein yield (kg/d).  
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As in previous studies, a lower milk AFM1 excretion was expected for cows receiving no 
AF (Xiong et al., 2015; Sulzberger et al., 2017; Pate and Cardoso, 2018). This was supported in 
the present study, as cows without an AF challenge had no AFM1 excretion or transfer in milk. 
Previous studies reported that cows that received clay during an AF challenge had lower 
concentrations of AF excreted in the milk, urine, and feces (Kutz et al., 2009; Kissell et al., 2013; 
Barrientos-Velazquez et al., 2016). Sulzberger et al. (2017) and Maki et al. (2016) both reported 
that milk AFM1 concentrations decreased as the concentration of clay included in the diet 
increased. Similar results were seen in the current study, as cows receiving an AF challenge and 
adsorbent had lower concentrations of AFM1 in milk and urine, and lower concentrations of 
AFB1 in feces during the measurement phase (d 14, 18, and 21). Additionally, as the 
concentration of adsorbent given increased, a significant decrease in milk AFM1 proportion of 3 
% (F4) and 19 % (F8) at peak AF exposure (d 18) was observed. Previous in vitro experiments 
reported that adsorbents resulted in AF sequestering capacity of up to 100 % (Lemke et al., 2001; 
Barrientos-Velazquez et al., 2016). However, due to inherent factors such as pH, active site 
competition, and enzyme activity, decreased sequestering capacity is seen in vivo (Barrientos-
Velazquez et al., 2016). This information could explain why the milk, urine, and feces from cows 
treated with adsorbent still had elevated AF concentrations compared to cows in CON. A 
quadratic treatment effect was present for AFM1 transfer in milk. Additionally, in the current 
study AFM1 transference values were lower than those from previous research (Kutz et al., 2009; 
Weatherly et al. 2018). However, it is important to note that in the current study, transference 
data was calculated one day after the last AF challenge was given, whereas previous research 
calculated transference data on the same day that an AF challenge was given. Also, AFM1 
transfer values were similar to those from Maki et al. (2016) when an adsorbent was added to the 
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diet. No difference was observed for AFM1 excretion when adsorbent was added to the diet. 
Increased milk yield, FCM, and ECM when adsorbent was added to the diet could explain the 
result that AFM1 excretion did not decrease during the AF challenge.  
There was an increase in urine total bacteria counts from d 14 (36,030 colony forming 
units; CFU) to d 18 (46,165 CFU) for all treatments. Although AF challenge is not explicitly 
related to subacute ruminal acidosis (SARA), comparisons between these conditions may be 
helpful in assessing gut inflammation during physiological stress. Khafipour et al. (2009) 
induced SARA (rumen pH < 5.6) in lactating Holstein cows, and reported that blood plasma 
concentration of LPS, an immunogenic compound, were greater for cows experiencing a SARA 
challenge (0.52 endotoxin units/mL) compared to those without SARA challenge (< 0.5 
endotoxin units/mL). The authors of the aforementioned study suggested that the increase in 
circulating LPS was due to SARA-induced gut inflammation that was responsible for increased 
endothelium permeability (Khafipour et al., 2009). Similarly, one could speculate that in the 
current study, AF challenge caused gut inflammation which lead to increased blood bacteria, and 
consequently, urine bacteria. However, it is still to be determined the specific link between an 
AF challenge and increased total bacteria counts in urine.  
Cows in POS had lower concentrations of serum cholesterol and a trend for lower 
concentration of BHB than cows in CON. Sulzberger et al. (2017) reported decreased total 
cholesterol concentrations when cows were challenged with AF, as well as a trend for increased 
total cholesterol as concentration of adsorbent in the diet increased. Similar results were reported 
in rats, where serum cholesterol concentrations decreased when an AF challenge was 
administered (Abdel-Wahhab et al., 2002). Additionally, previous researchers reported that dairy 
goats challenged with AF had decreased BHB compared with goats not challenged with AF 
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(Cheng et al., 2017). However, in other studies analyzing mitigation strategies during an AF 
challenge, no difference were reported in blood BHB or serum cholesterol concentrations (Pate 
and Cardoso, 2018). Differences between these experiments may be due to increased milk 
production in the current experiment. A downregulation in MTOR gene was also present in cows 
that received an AF challenge compared to cows that did not receive an AF challenge. Activation 
of MTOR has been associated with increased lipogenesis (Li et al. 2016; Liu et al. 2016). Xu et 
al. 2017, indicated that an upregulation in MTOR in Jersey cows fed high grain diets as a 
challenge could be responsible for increased hepatic lipogenesis. In the current study, 
downregulation of MTOR for cows in POS could explain the decrease in serum cholesterol for 
this treatment. However, it is important to note that serum cholesterol and BHB concentrations 
were within normal bovine biological ranges (77 to 240 mg/dL and < 1.2 mg/dL, respectively; 
Lumsden et al., 1980), and biological relevance of these data must be carefully evaluated. 
In the current study, SOD concentrations were lower for cows in POS compared with 
cows in CON. Similar results were reported by Xiong et al. (2015), where the concentration of 
blood SOD decreased as AF concentrations in the diet increased. However, Sulzberger et al. 
(2017) and Weatherly et al. (2018) reported that cows receiving AF tended to have greater 
concentrations of SOD in the circulation compared to cows without AF. Additionally, no 
differences in SOD concentration were seen in Pate and Cardoso (2018). This may be due to 
decreased DMI as a percentage of BW and, subsequently, AF intake as a percent of BW in that 
study compared to the current study. The role of SOD is related to oxidative stress and 
maintaining normal cellular function in cattle, as SOD is involved in the anti-oxidant system 
(Bernabucci et al., 2002; Yuan et al., 2012; Machado et al., 2014). A lower blood SOD 
concentration in cows challenged with AF, as seen in the current study, could indicate liver 
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function suppression due to stress incurred by AF. Also, it is important to note that 
supplementation of aluminosilicate clay may have a restorative effect during AF challenge, as 
SOD concentration for F4 seemed similar to CON. 
Serum albumin concentrations for cows in the POS tended to be greater than cows in 
CON. Albumin plays an important role in AFB1 transport throughout the circulatory system 
(Wild et al., 1992; Lu et al., 2016). Lu et al. (2016) reported greater albumin concentrations for 
rats without adsorbent (oxidized tea phenols) compared to those that received adsorbent during 
an AF challenge. Pate and Cardoso (2018) reported a tendency for greater serum albumin 
concentrations for Holstein cows not challenged with AF compared to those that received the AF 
challenge. These data, along with data from the current experiment may indicate an increased 
need for albumin to transport AFB1 throughout the body during an AF challenge. 
Contradictorily, previous research with chickens reported decreased albumin concentration when 
an AF challenge was present (Chattopadhyay et al., 1985; Hussain et al. 2016). Therefore, the 
authors suggest further research be conducted regarding albumin and AF interaction in 
ruminants.  
Glutamate dehydrogenase and ALT are indicators of liver functionality and inflammation 
(Weemhoff et al., 2016). Previous studies have reported that cows not receiving an AF challenge 
had greater serum GLDH compared to cows receiving an AF challenge (Sulzberger et al., 2017). 
In the present study, there were no differences in plasma GLDH or ALT between cows in POS 
and CON. This may be due to the extent and duration of AF exposure to cows in POS. Xiong et 
al. (2015) challenged cows with AF and increasing amounts adsorbent in the diet and found no 
change in plasma GLDH and ALT concentrations. However, in the current study plasma GLDH 
concentrations increased as amount of adsorbent in the diet increased and a similar trend was 
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observed for plasma ALT. In addition, there was a positive quadratic trend for GLUD1 
expression in liver tissue. One could hypothesize that lower plasma GLDH and ALT 
concentrations are indicators of liver suppression for cows in POS, and that increasing adsorbent 
in the diet could negate these alterations. 
 Liver expression of NFKB1 was greater in cows receiving an AF challenge compared to 
those without an AF challenge. Similar results were observed in Pate and Cardoso (2018), where 
hepatic NFKB1 expression was greater in cows challenged with AF compared to cows without 
AF challenge. Additionally, Xu et al. (2017) reported increased hepatic NFKB1 expression when 
a grain challenge was fed to Holstein cows. Increased NFKB1 expression has been shown to 
regulate other inflammatory genes, such as TNFA and IL-6, which are pro-inflammatory 
cytokines (Baker et al., 2011). Although TNFA was not directly upregulated during the AF 
challenge, NFKB1 upregulation could indicate an increase in a hepatic inflammatory mechanism 
occurring during an AF challenge. Additionally, length of an AF challenge could also affect the 
degree to which the proposed inflammatory mechanism occurs. Further research regarding extent 
and duration of AF exposure on hepatic inflammatory pathways are necessary to validate this 
postulation. 
Hepatocyte inflammation was also evaluated in the current study via histological analysis 
on hematoxylin and eosin stained liver tissue based on grading scores adapted from Ishak et al. 
(1996). Hepatic inflammation score was categorized at the median concentration value of score 
1.25 as high (HHAS) or low (LHAS). Even though dichotomization can reduce total information, 
this strategy allowed for exploration of the nonlinear association of hepatic activity score that 
have reduced variation (Ishak et al., 1995). An OR > 1 indicated that cows challenged with AF 
without adsorbent (POS) had increased hepatocyte inflammation (i.e., grey pallor or swelling) 
100 
compared to cows in CON. Cows in POS also tended to have increased hepatocyte inflammation 
compared to cows in F8. In the current study, increased hepatocyte inflammation for cows in 
POS compared to cows in CON indicated that the AF challenge affected liver health and 
functionality. In addition, hepatocyte inflammation tended to decrease when an adsorbent was 
implemented into the diet at 227 g (F8). These data potentiate the hypothesis that increased 
adsorbent in the diet protects liver and immunological functionality during aflatoxin exposure. 
 
CONCLUSIONS 
The results from the present study indicates that AF can have a negative impact on cow 
milk production and ECM. This may be a result of reduced function and increased inflammation 
of the liver as suggested by changes in blood metabolites and liver gene expression. The 
adsorbent used in this study had a positive impact on milk production and hepatocyte 
inflammation, as well as AF transfer in milk, urine, and feces. The impact of the adsorbent on 
blood metabolites and liver gene expression was neither hindered nor improved. Still to be 
determined are the responses from dairy cows to AF challenges with different duration of AF 
exposure and concentration of AF in the diet. 
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TABLES AND FIGURES 
 
Table 3.1. Ingredient composition of the diet fed to all cows during 
the experimental period 
Ingredient  % of DM 
Corn silage1 37.44 
Canola meal 12.72 
Alfalfa hay  11.31 
Corn gluten feed 4.94 
Soy hulls 4.30 
Wheat straw  2.34 
Dry ground corn grain 20.40 
Blood meal2 1.89 
Rumen protected lysine3 0.62 
Rumen protected methionine4 0.15 
Potassium carbonate 0.20 
Sodium bicarbonate  1.22 
Calcium 1.09 
Potassium chloride 0.44 
Urea 46%  0.33 
Salt, white 0.20 
Magnesium oxide 54% 0.19 
Vitamin and mineral mix5 0.22 
1All treatments fed at 34.7 % corn silage DM. 
2ProVAAl AADvantage (Perdue AgriBusiness, Salisbury, MD) 
3Ajipro-L Generation 2 (Ajinimoto Heartland, Inc., Chicago, IL). 
4Smartamine M (Adisseo, Alpharetta, GA). 
5Vitamin and mineral mix was formulated to contain 12.51 % Ca, 
14.06 % Na, 9.60 % Cl, 3.18 % Mg, 6.48 % K, 0.19 % S, 26.93 
mg/kg Co, 301.01 mg/kg Cu, 40.22 mg/kg I, 678.25 mg/kg Fe, 
1,519.35 mg/kg Mn, 8.62 mg/kg Se, 4.47 mg/kg organic Se, 1621.05 
mg/kg Zn, 43.34 kIU/kg Vitamin A, 10.89 kIU/kg vitamin D3, 
466.41 IU/kg vitamin E, 4.23 mg/kg biotin, 46.65 mg/kg thiamine, 





Table 3.2. Mean chemical composition and associated 
standard deviations for diets fed to all cows throughout the 
experimental period 
Item Mean1 SD 
DM, % 48.6 1.04 
CP, % of DM 17.1 0.17 
ADF, % of DM 19.4 0.67 
NDF, % of DM 31.8 0.59 
Lignin, % of DM 3.5 0.19 
NFC, % of DM 38.4 1.08 
Starch, % of DM 33.4 2.16 
Crude fat, % of DM 3.8 0.19 
Ash, % of DM 8.97 0.87 
NEL, Mcal/kg of DM2 0.74 0.01 
Ca, % of DM 1.24 0.51 
P, % of DM 0.42 0.02 
Mg, % of DM 0.33 0.02 
K, % of DM 1.50 0.09 
Na, % of DM 0.35 0.03 
S, % of DM 0.28 0.01 
Fe, ppm 387 104.32 
Zn, ppm 88 4.21 
Cu, ppm 16 0.83 
Mn, ppm 85 15.25 
Mo, ppm 0.9 0.26 
¹ Mean diet composition of periods 1, 2, 3, and 4 (n = 4). 









Table 3.3. Least squares means and associated SEM for body weight (BW), body condition 
score (BCS), and production parameters of Holstein cows during week 3 of each period 
(measurement phase) 
 Treatment¹  P-value 
Variable 
POS F4 F8 CON SEM 
Contrast Linear Quad 
POS vs 
CON TRT TRT 
DMI, kg/d 25.68 26.38 26.76 25.96 1.18 0.71 0.14 0.79 
BW, kg 770 774 759 762 19 0.74 0.63 0.63 
DMI, % of BW 3.36 3.43 3.55 3.40 0.15 0.72 0.14 0.85 
BCS  3.46 3.57 3.51 3.60 0.11 0.29 0.72 0.46 
Milk yield         
   Milk yield, kg/d 35.59 38.14 37.17 36.64 2.15 0.16 0.04 0.007 
   3.5 % FCM, kg/d 37.17 39.15 38.90 37.47 2.52 0.72 0.04 0.12 
   ECM, kg/d 37.26 39.33 38.86 37.65 2.39 0.63 0.05 0.07 
AFM1 Snap3 11.9 11.4 11.3 0.0 0.24 <0.001 0.02 0.43 
Milk discarded, kg4 141.0 144.1 139.8 0.0 8.19 <0.001 0.88 0.57 
Milk composition         
   Fat, % 3.74 3.67 3.79 3.69 0.18 0.59 0.59 0.24 
   Fat, kg/d 1.34 1.40 1.41 1.33 0.11 0.82 0.12 0.52 
   Protein, % 3.39 3.37 3.37 3.38 0.05 0.61 0.34 0.69 
   Protein, kg/d 1.20 1.28 1.24 1.23 0.07 0.39 0.17 0.01 
   Lactose, % 4.68 4.70 4.68 4.69 0.04 0.54 0.98 0.43 
   Lactose, kg/d 1.67 1.89 1.74 1.73 0.11 0.13 0.05 0.01 
   MUN, mg/dL 14.58 14.53 14.14 14.15 0.39 0.19 0.17 0.52 
   SCC × 1,000/mL 232.5 161.1 210.4 275.8 87.2 0.58 0.77 0.34 
3.5 % FCM/DMI  1.42 1.51 1.49 1.45 0.08 0.64 0.25 0.28 
ECM/DMI 1.42 1.52 1.49 1.46 0.08 0.62 0.29 0.24 
Milk/DMI 1.36 1.44 1.43 1.43 0.08 0.19 0.16 0.33 
¹Dietary treatments were positive control diet (POS, without adsorbent (0 g) and with aflatoxin 
(AF) challenge), 113 g of adsorbent in diet (F4, with 113 g of adsorbent in a top dress), 227 g of 
adsorbent in diet (F8, with 227 g of adsorbent in a top dress), and negative control diet (CON; 
without adsorbent and no AF challenge). Top dress vehicle was 300 g of ground corn. Aflatoxin 
challenge: 100 µg AF / kg of DMI of contaminated corn, based on average DMI of the last 3 d 
prior to the challenge.  
2Contrasts were 1 = POS compared with CON; linear and quadratic effects of treatments POS (0 
g), F4 (113 g adsorbent), and F8 (227 g adsorbent). 
3Number of milkings with a positive snap test. 






Table 3.4. Least squares means and associated SEM for aflatoxin concentrations in milk, urine, 
and feces, and total bacteria counts in urine of Holstein cows during week 3 of each period 
(measurement phase) 
 Treatment¹  P-value 
Variable 
POS F4 F8 CON SEM 
Contrast Linear Quad 
POS vs 
CON TRT TRT 
Milk, AFM1, µg/kg2 0.11 0.11 0.09 0.00 0.01 <0.001 0.02 0.43 
Milk, AFM1 d 18, µg/kg3 0.33 0.32 0.27 0.00 0.02 <0.001 0.001 0.30 
AFM1 Excretion, µg/d4 11.6 12.4 10.8 0.00 1.09 <0.001 0.47 0.20 
AFM1 Transfer, %5 0.45 0.49 0.39 0.00 0.04 <0.001 0.11 0.03 
Urine, AFM1 (µg/kg)2 2.10 1.89 1.78 0.00 0.18 <0.001	 0.04	 0.66	
Feces, AFB1 (µg/kg)2 4.68 3.44 3.17 0.00 0.32 <0.001	 0.05	 0.22	
Urine bacteria, CFU×1,0006 52.5 43.8 59.0 9.0 26.78 0.34 0.84 0.49 
¹Dietary treatments (TRT) were positive control diet (POS, without adsorbent (0 g) and with 
aflatoxin (AF) challenge), 113 g of adsorbent in diet (F4, with 113 g of adsorbent in a top dress), 
227 g of adsorbent in diet (F8, with 227 g of adsorbent in a top dress), and negative control diet 
(CON; without adsorbent and no AF challenge). Top dress vehicle was 300 g of ground corn. 
Aflatoxin challenge: 100 µg AF / kg of DMI of contaminated corn, based on average DMI of the 
last 3 d prior to the challenge.  
2Samples that were analyzed were collected on d 14, 18, and 21 of each period. TRT × Day for 
milk, feces, and urine (P < 0.001). 
3Samples that were analyzed were collected on d 18 of each period. 
4AFM1 Excretion = AFM1 (µg) concentration in milk on d 18 × milk yield on d 18 (kg). 
Calculations were done solely on d 18 to demonstrate the effectiveness at the highest 
concentration of AFM1 in the milk. CON = 35.57 kg, POS = 34.80 kg, F4 = 38.16 kg, F8= 38.74 
kg, SEM = 10.54 kg.  
5AFM1 Transfer = (AFM excretion, µg/d, / AFM intake, µg/d) × 100. 






Table 3.5. Least squares means and associated SEM for blood metabolites of Holstein cows 
during week 3 of each period (measurement phase) 
 Treatment¹  P-value 
Variable 
POS F4 F8 CON SEM 
Contrast Linear Quad 
POS vs 
CON TRT TRT 
Blood4         
BUN, mg/dL 17.2 17.2 17.4 17.5 1.90 0.60 0.55 0.76 
BHB, mg/dL 0.45 0.45 0.47 0.51 0.03 0.06 0.59 0.70 
Albumin, g/dL 3.63 3.65 3.64 3.59 0.02 0.09 0.77 0.40 
Glucose, mg/dL 57.6 57.2 59.8 59.1 1.26 0.31 0.13 0.21 
Cholesterol, mg/dL 196 200 197 202 16.90 <0.001 0.80 0.49 
SOD, U/ml5 2.6	 2.8	 2.7	 2.8	 0.35	 0.04	 0.42	 0.13	
GSH-Px, nmol/min/mL6 49.7	 43.3	 44.7	 47.1	 3.04	 0.43	 0.12	 0.17	
SAA, µg/mL7 121	 110	 119	 134	 18.44	 0.53	 0.76	 0.73	
LBP, µg/mL8 6.1 4.7 5.4 6.4 0.87 0.40 0.90 0.39 
GLDH, U/L9 37.8 39.3 39.1 36.1 3.34 0.86 0.05 0.14 
ALT, U/L10 28.0 28.7 28.9 28.1 1.46 0.90 0.06 0.50 
GGT, U/L11 27.9 28.2 28.2 27.7 3.84 0.62 0.57 0.70 
¹Dietary treatments (TRT) were positive control diet (POS, without adsorbent (0 g) and with 
aflatoxin (AF) challenge), 113 g of adsorbent in diet (F4, with 113 g of adsorbent in a top dress), 
227 g of adsorbent in diet (F8, with 227 g of adsorbent in a top dress), and negative control diet 
(CON; without adsorbent and no AF challenge). Top dress vehicle was 300 g of ground corn. 
Aflatoxin challenge: 100 µg AF / kg of DMI of contaminated corn, based on average DMI of the 
last 3 d prior to the challenge.  
2Contrasts were 1 = POS compared with CON; linear and quadratic effects of treatments POS (0 
g), F4 (113 g adsorbent), and F8 (227 g adsorbent). TRT × Day interaction was not present (P > 
0.11) for all variables. 
4All samples were run on blood plasma except cholesterol (blood serum). 
5Super oxide dismutase. One unit (U) is defined as the amount of enzyme needed to exhibit 50 % 
dismutation of the superoxide radical. 
6Glutathione peroxidase activity. One unit (nmol/min) is defined as the amount of enzyme that 
will cause the oxidation of 1.0 nmol of NADPH to NADP+ per minute at 25 ºC. 
7Serum amyloid A (µg/ml). 
8Lipopolysacchride binding protein (µg/ml). 
9Glutamate dehydrogenase (U/L). 
10Alanine aminotransferase (U/L). 





Table 3.6. Accession number, gene symbol, and forward and reverse primer sequences (5’ 3’ used in real time PCR) of genes 
analyzed in liver tissue 
Accession # Symbol Forward sequence Reverse sequence 
BC151546.1 ALB AGTGCTGCACAGAGTCATTGGT GGCTTTGGGTACATATGTTTCATCA 
XM_010798596.2 CYP1A2 CAGTAAGGAGATGCTCAGTC CTGTTCTTGTCAAAGTCCTGG 
NM_001034034.2 GAPDH TGGAAAGGCCATCACCATCT CCCACTTGATGTTGGCAG 
NM_182652.2 GLUD1 CGTTTTGGTGCTAAATGTATTGCT CATGTTGCAATTTGAAGTCTTCCA 
NM_001040470.2 HP GGTTCGGAAAACCATCGCTA CACTCGTGTCCCCTCCCTC 
NM_001013587.1 MDH2 TCTGCATCATCTCAAATCCAGTTAAC GTCACCCCGAAGATTTTGTTG 
XM_002694043 MTOR CCCCGATCGTGAAGTTATTTG GTGTGCGTACAATCGGATGAA 
NM_001076409.1 NFKB1 TTCAACCGGAGATGCCACTAC ACACACGTAACGGAAACGAAATC 
NM_001101152.2 RPS9 CCTCGACCAAGAGCTGAAG CCTCCAGACCTCACGTTTGTTC 
NM_001012673.1 STAT5A TCGCCACATTCTGTACAATGAAC CTGGTTGATCTGAAGGTGTTTCTG 
NM_173966.3 TNFA CCAGAGGGAAGAGCAGTCCC TCGGCTACAACGTGGGCTAC 
BC108205.1 UXT TGTGGCCCTTGGATATGGTT GGTTGTCGCTGAGCTCTGTG 
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Table 3.7. Least squares means and associated SEM for liver gene expression response of 
Holstein cows during week 3 of each period (measurement phase) 
 Treatment¹  P-value2 
Variable 
POS F4 F8 CON SEM 
Contrast Linear Quad 
POS vs CON TRT TRT 
Genes3         
ALB 0.68 0.67 0.63 0.66 0.08 0.68 0.21 0.56 
CYP1A2 0.84 0.86 0.81 0.83 0.09 0.88 0.70 0.56 
GLUD1 0.64 0.74 0.67 0.68 0.07 0.33 0.45 0.04 
HP 0.03 0.04 0.12 0.04 0.09 0.73 0.10 0.60 
MDH2 0.79 0.77 0.78 0.79 0.06 0.99 0.74 0.76 
MTOR 0.96 1.05 1.11 1.19 0.06 0.04 0.33 0.64 
NFKB1 0.78 0.73 0.76 0.70 0.05 0.04 0.59 0.30 
STAT5A 0.66 0.61 0.65 0.62 0.09 0.38 0.85 0.26 
TNFA 1.51 1.49 1.43 1.46 0.11 0.76 0.59 0.87 
¹Dietary treatments (TRT) were positive control diet (POS, without adsorbent (0 g) and with 
aflatoxin (AF) challenge), 113 g of adsorbent in diet (F4, with 113 g of adsorbent in a top 
dress), 227 g of adsorbent in diet (F8, with 227 g of adsorbent in a top dress), and negative 
control diet (CON; without adsorbent and no AF challenge). Top dress vehicle was 300 g of 
ground corn. Aflatoxin challenge: 100 µg AF / kg of DMI of contaminated corn, based on 
average DMI of the last 3 d prior to the challenge.  
2Contrasts were 1 = POS compared with CON; linear and quadratic effects of treatments 
POS (0 g), F4 (113 g adsorbent), and F8 (227 g adsorbent).  
3Samples that were analyzed were collected on d 18 of each period. ALB = albumin; 
CYP1A2 = cytochrome P450-1A2; GLUD1 = glutamate dehydrogenase; HP = haptoglobin; 
MDH2 = malate dehydrogenase 2; MTOR = mechanistic target of rapamycin; NFKB1 =  	
nuclear factor kappa B1; STAT5A = signal transducer and activator of transcription 5A; 




Table 3.8. Odds ratio (OR) of histological hepatocyte inflammation of Holstein cows on d 18 
of each period  
Variable Treatments1 Level OR 95 % CI2 P-value 
Hepatocyte inflammation3 POS POS-F44 2.60 0.51–13.272 0.25 
 – POS-F85 4.60 0.90–23.66 0.07 
 – POS-CON6 5.14 0.97–27.33 0.05 
 F4 F4-F87 1.77 0.39–8.11 0.46 
 – F4-CON8 1.98 0.42–9.40 0.39 
 F8 F8-CON9 1.12 0.24–5.30 0.89 
¹Dietary treatments were positive control diet (POS, without adsorbent (0 g) and with aflatoxin 
(AF) challenge), 113 g of adsorbent in diet (F4, with 113 g of adsorbent in a top dress), 227 g 
of adsorbent in diet (F8, with 227 g of adsorbent in a top dress), and negative control diet (CON; 
without adsorbent and no AF challenge). Top dress vehicle was 300 g of ground corn. Aflatoxin 
challenge: 100 µg AF / kg of DMI of contaminated corn, based on average DMI of the last 3 d 
prior to the challenge.  
2CI: confidence interval derived from a binomial regression. 
3Hepatocyte inflammation classes at d 18 were based on the median value. High hepatocyte 
inflammation (HHAS) when score ≥1.25 and low hepatocyte inflammation (LHAS) when 
score < 1.25 (0-2 scale).  
4POS (n = 16; HHAS = 12, and LHAS = 4) and F4 (n = 16; HHAS = 9, and LHAS = 7). 
5POS (n = 16; HHAS = 12, and LHAS = 4) and F8 (n = 16; HHAS = 7, and LHAS = 9). 
6POS (n = 16; HHAS = 12, and LHAS = 4) and CON (n = 15; HHAS = 6, and LHAS = 9). 
7F4 (n = 16; HHAS = 9, and LHAS = 7) and F8 (n = 16; HHAS = 7, and LHAS = 9). 
8F4 (n = 16; HHAS = 9, and LHAS = 7) and CON (n = 15; HHAS = 6, and LHAS = 9). 




   
Figure 3.1. Hepatocyte tissue samples were taken at d 18 of each period, embedded in 
paraffin, and stained with hematoxylin and eosin. Hepatocyte inflammation scores were 
determined for 5 subsections of each sample at 40 × magnification based on the 
following 0 to 2 scale: Score 0 (A): no hepatocytes exhibiting grey pallor or swelling; 
Score 1 (B): less than 50 % of the hepatocytes exhibiting grey pallor or swelling; Score 
2 (C): greater than 50 % of the hepatocytes exhibiting grey pallor or swelling. 
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Figure 3.2. Least squares means and associated SEM for milk AFM1 response of 
Holstein cows in negative control without adsorbent (CON), positive control without 
adsorbent (POS), treatment with 113 g of adsorbent (F4), and treatment with 227 g of 






























Figure 3.3. Least squares means and associated SEM for urine AFM1 response of 
Holstein cows in negative control without adsorbent (CON), positive control without 
adsorbent (POS), treatment with 113 g of adsorbent (F4), and treatment with 227 g of 






























Figure 3.4. Least squares means and associated SEM for fecal AFB1 response of 
Holstein cows in negative control without adsorbent (CON), positive control without 
adsorbent (POS), treatment with 113 g of adsorbent (F4), and treatment with 227 g of 






























Figure 3.5. Least squares means and associated SEM for total bacteria counts in urine 
of Holstein cows in negative control without adsorbent (CON), positive control without 
adsorbent (POS), treatment with 113 g of adsorbent (F4), and treatment with 227 g of 
adsorbent (F8). Samples were taken on d 14 and 18 during the last week of each period. 
Figure 5 shows the day effect of total bacteria count in urine. Treatment (TRT; P = 
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INTRODUCTION 
Heat stress (HS) occurs in dairy cattle when there is a negative balance between the 
amount of heat energy an animal produces and the amount transferred from the animal to its 
surrounding environment (NRC, 2001). An estimated $2.4 billion is lost annually in livestock 
production due to the effects of HS. In particular, the dairy industry contributes roughly $900 
million to this total (St.-Pierre et al., 2003). These economic losses within the dairy industry are 
mostly attributed to decreased milk production, adverse effects on milk composition, decreased 
reproductive performance, and increased culling rate (St.-Pierre et al., 2003). Many heat 
abatement practices have been implemented on dairy farms. Some of these practices include: 
increasing shaded areas, increasing air velocity by use of fans, and the use of water-soaker lines 
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to increase evaporative heat loss. Although these management practices are implemented, HS 
still causes significant economic issues for dairy producers on a national and global scale. 
Dairy cattle utilize multiple acute physiological adaptions to regulate core body 
temperature and maintain thermoneutrality. The major acute mechanisms for heat loss are 
evaporative heat loss through perspiration and elevated respiration rate (Lemerle and Goddard, 
1986; Kadzere et al., 2002), increased water intake (Silanikove et al., 1998; Bernabucci et al., 
2010), and decreased DMI (Cowley et al., 2015; Gao et al., 2017). Decreased DMI is likely an 
inherent response by the cow to reduce heat increment incurred via the metabolism of feed and 
subsequent milk production (Cowley et al., 2015; Collier et al., 2017). This is supported by the 
fact that Maust et al. (1972) reported a negative correlation between feed intake and rectal 
temperature in pigs. Historically, decrease in DMI has been assumed to be the primary driver of 
decreased milk yield during HS (Beede and Collier, 1986; West, 1999). However, recent work 
has found that the decrease in DMI only accounts for approximately 35 to 50% of the decrease in 
milk yield and that other more chronic physiological and metabolic alterations also play a role in 
explaining it (Wheelock et al., 2010; Baumgard et al., 2011). Not only is overall milk yield 
decreased during HS, but milk composition is also altered, specifically milk protein 
concentration.  Previous research has reported decreases in milk protein and milk casein 
concentration when cows were subject to environments with an elevated temperature humidity 
index (THI; Nardone et al., 1997; Cowley et al., 2015; Gao et al., 2017). These alterations in 
milk composition seem to be due to factors beyond a decrease in DMI, and are likely caused by 
reduced delivery of protein precursors to the mammary gland, and increased utilization of AA 
for other biochemical processes, such as gluconeogenesis, and acute phase protein and heat 
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shock protein synthesis (Bernabucci and Calamari, 1998; Collier et al., 2008; Baumgard and 
Rhoads, 2013; Ríus, 2019). 
Feeding diets balanced for proper AA proportions in MP using rumen-protected AA aids 
lactation performance and milk protein and fat concentration, while also improving responses to 
stressful conditions when DMI often decreases (NRC, 2001; Osorio et al., 2013; Zhou et al, 
2016; Batistel et al., 2017). Specifically, improved lactation performance and reduced 
inflammatory responses have been reported when rumen-protected Met (RPM) was added to the 
diet of cows during the transition period (Osorio et al., 2013; Zhou et al., 2016; Batistel et al., 
2017). Although RPM inclusion in the diets of dairy cattle in other stress conditions (e.g., 
parturition) has been extensively studied, minimal research evaluating RPM effects during heat 
stress has been performed. Therefore, the objectives of this study were to evaluate the effects of a 
commercially-available RPM source (Smartamine M; Adisseo Inc., Antony, France) fed at 1.05 
g of RPM / kg of DMI on lactation performance and physiological responses of lactating, 
multiparous Holstein cows during a HS challenge. 
 
MATERIALS AND METHODS 
Animal Care and Housing 
 All experimental procedures were approved by the University of Illinois (Urbana-
Champaign) Institutional Animal Care and Use Committee (no. 18156). The experimental period 
occurred from September 2018 to December 2018. Diet (TMR) was formulated using 
AMTS.Cattle.Pro version 4.7 (2017, AMTS, LLC, Groton, NY) (Table 4.1) based on cows at 
180 DIM, 750 kg of BW, producing 40 kg of milk/d with a target 3.7% milk fat and 3.2% milk 
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protein, and a predicted DMI of 25.5 kg/d. Cows were housed in a tie-stall barn and had constant 
access to water.  
Experimental Design and Heat Stress Procedure 
A total of 32 multiparous lactating Holstein cows [balanced by DIM (mean ± SD) = 184 
± 59 d; lactation number = 2.8 ± 1.1; body surface area (0.14 × BW0.57; Berman, 2003) = 5.84 ± 
0.34 m2] were randomly assigned to 1 of 2 dietary treatments [TMR with rumen-protected Met 
(RPM; Smartamine M; Adisseo Inc., Antony, France; 1.05 g of RPM / kg of DMI) or TMR 
without RPM (CON)], and within each dietary treatment group cows were randomly assigned to 
1 of 2 environmental treatment groups in a split-plot crossover design (Table 4.2). The study was 
divided into 2 periods (period 1 and period 2) with 2 identical experimental phases (phase 1 and 
phase 2) within each period. Prior to each period there was an adaption phase (7 d) where cows 
were fed their respective dietary treatment, and no sample collection occurred. During phase 1 
(baseline phase; 9 d), all cows were in thermoneutral conditions [TN; 16.0 ± 2.5°C; 71.4 ± 7.5 % 
relative humidity (RH); THI = 60 ± 3; THI = T°Cdry bulb − [0.55 − (0.55 × RH/100)] × (T°C dry bulb 
− 58); Buffington et al., 1981)] and fed ad libitum. Ambient temperature and humidity were 
recorded in the experimental barn using a data logger (HOBO U23 v2 External 
Temperature/Relative Humidity Data Logger, Onset Computer Corp., Bourne, MA) every 15 
min. During phase 2 (trial phase; 9d) group 1 (n = 16) was exposed to a HS challenge (HSC) 
using methods similar to Al-Qaisi et al. (2019), where cows were fitted with an electric heat 
blanket (EHB; 1.87 × 1.59 m; 100% nylon with polyurethane coating; weight = 7.7 kg) 
consisting of 12 infrared heating pads as a heat source which generated a temperature of 36°C, 
according to the manufacturer (Thermotex Therapy Systems Ltd., Calgary, AB, Canada). 
Electric heat blankets remained on group 1 cows for the entire duration of phase 2. Meanwhile, 
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group 2 (n = 16) remained in TN conditions (16.8 ± 2.6°C; 66.8 ± 8.1 % RH; THI = 61 ± 4) but 
was pair-fed (PFTN) to their HSC counterparts. To calculate the amount of feed offered to the 
PFTN cows based on the intake of the HSC cows, the trial (sampling and feed restriction) started 
and ran 1 d behind HS cows for the PFTN cows as previously described (Wheelock et al., 2010; 
Gao et al., 2017). For pair-feeding calculations, the ad-libitum daily DMI was averaged for each 
cow for phase 1 and used as a baseline. For each cow in HSC, the decrease in DMI during phase 
2 was calculated as the percentage reduction in DMI relative to the phase 1 baseline DMI for 





The percentage of DMI reduction was averaged for all of the cows in HSC per day of phase 2 





 The treatments during phase 2 were HSC and RPM (HSC-M), HS and CON (HSC-C), PFTN 
and RPM (PF-M), and PFTN and CON (PF-C). After a 14-d washout period and 7-d adaption 
period in TN conditions, the study was repeated (period 2) and the environmental treatments 
were inverted relative to treatments from phase 2 of period 1, while the dietary treatments (RPM 
or CON) remained the same as in period 1 for each cow. The same TMR was fed to all cows 
throughout the experimental period. During phase 1, all cows were fed once daily at 1300 h. 
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During phase 2, HSC cows were fed once daily at 1300 h, while PFTN cows calculated TMR 
allocation was divided in 2 and offered at 1300 h and 2200 h in order to minimize the potential 
effect of slug-feeding. The daily RPM allocation (1.05 g of RPM / kg of DMI) for cows in RPM 
was mixed with 300 g of molasses and top dressed onto the TMR immediately after feeding. 
Cows in CON were administered a top dress consisting of 300 g of molasses only onto the TMR 
immediately after feeding. The dosage rate of 1.05 g of RPM / kg of DMI allowed for proper AA 
balancing of the diet based on relevant literature (NRC, 2001; Schwab et al. 2009; Van Amburgh 
et al. 2009; and Schwab 2012). Based on AMTS.Cattle.Pro version 4.7 (2017, AMTS, LLC, 
Groton, NY) predictions, cows in RPM received 2.72 kg of MP per d; and  2.57% of MP as Met, 
7.01% of MP as Lys, and 2.47% of MP as His with a Lys:Met of 2.73 and a His:Met of 0.96; 
while cows in CON received 2.71 kg of MP per d; and 2.03% of MP as Met, 7.05% of MP as 
Lys, and 2.49% of MP as His with a Lys:Met of 3.47 and a His:Met of 1.22. 
Data Collection and Sampling Procedure 
 Samples of TMR were collected 3× per week and analyzed for DM (AOAC International, 
1995a) by drying in a forced-air oven at 110°C for 24 h. Diet composition was adjusted weekly 
for DM content changes of ingredients. The daily TMR offered and refused was logged from 
each cow to determine intake based on DM analyses conducted 3× per week. Collection of TMR 
samples was done weekly (4 per period) and stored at -20°C until analyzed. Composite samples 
for each period (n = 2) were analyzed for contents of DM, CP, ADF, NDF, NDF digestible (30 
h), undigestible NDF (30 h), lignin, NFC, NSC, starch, sugar, fat, ash, NEL, Ca, P, Mg, K, Na, S, 
Cl, Fe, Zn, Cu, Mn, and DCAD using wet chemistry methods (Cumberland Valley Analytical 
Services, Waynesboro, PA; Table 4.3). Values for NEL were provided by the laboratory and were 
calculated according to NRC (2001). Additionally, composite TMR samples for each period 
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were analyzed for contents of total tract undigested protein using ruminal and intestinal 
digestibility of protein assays as described by Ross et al. (2013; Cumberland Valley Analytical 
Services, Waynesboro, PA; Table 4.3). Physical characterization of the TMR was performed 
weekly using the Penn State Particle Separator (Kononoff et al., 2003).  
 Cows were milked 3× per day at 0400, 1200, and 1930 h. During phase 2, EHB remained 
fastened to the cows in HSC at all times; however, the electrical source was removed in order to 
allow cows to be taken to the parlor for milking (approximately 1 h per milking). Milk weights 
were recorded at each milking, and milk samples were taken on d 1, 5, and 9 of each phase 
during each period. A preservative (800 Broad Spectrum Microtabs II; D&F Control Systems 
Inc., San Ramon, CA) was added to all milk samples. Preserved samples were stored at 8°C in a 
refrigerator, composited in proportion to milk yield at each milking, and sent to a commercial 
laboratory (Dairy One, Ithaca, NY). Milk samples were analyzed for fat, true protein, MUN, 
lactose, TS, total casein, and for SCC using mid-infrared procedures (AOAC International, 
1995b). Additionally, milk samples were sent to a commercial laboratory (ADM Laboratories, 
Clovis, NM) and analyzed for concentration of de novo fatty acids (FA), preformed FA, and 
mixed FA using mid-infrared procedures as described by Wojciechowski and Barbano (2016). 
Vaginal temperature was measured using High-Resolution Thermochron iButton Devices 
(Model DS1921H, Maxim Integrated Products Inc., San Jose, CA) fastened to drug-free, 
controlled internal drug release devices (Eazi-Breed CIDR Cattle Insert, Zoetis Services LLC, 
Parsippany, NJ) placed inside the vaginal cavity. Vaginal temperature was recorded every 10 
min throughout phases 1 and 2 of each period. Rectal temperature and skin temperature were 
measured 3× per d when cows returned from each milking at approximately 0500, 1300, and 
2030 h. Rectal temperature was measured using a GLA M700 Thermometer (GLA Agricultural 
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Electronics, San Luis Obispo, CA). Skin temperature was measured on the neck using an 
infrared thermometer (Model MS6520H 10:1 Infrared Thermometer, Commercial Electric, 
Cleveland, OH). Health evaluations (general appearance, fecal score, respiration rate, and heart 
rate) were conducted 1× per d during phases 1 and 2 of each period when cows returned from 
milking at approximately 1300 h. Visual assessments were used to monitor general appearance 
and fecal score. General appearance was scored using a method similar to Krause et al. (2009): 4 
= bright and alert; 3 = depressed; 2 = reluctant to rise; 1 = down cow, will not get up. Fecal 
scores were assigned on a 1 to 4 scale similar to Krause et al. (2009): 1 = runny: liquid 
consistency, splatters on impact, spreads readily; 2 = loose: may pile slightly and spreads and 
splatters moderately on impact and setting; 3 = soft: piles up but spreads slightly on impact and 
settling; 4 = dry: hard, dry appearance, original form not distorted on impact and settling.  
Respiration rate was recorded by visual observation for 15 s, and heart rate was measured via 
palpation of the femoral artery for 15 s. Evaluation of BW (digital scale, model CW-11, Ohaus, 
Newark, NJ) and BCS [assigned in quarter-unit increments for each cow (Ferguson et al., 1994) 
by more than one person independently at each time of scoring; the average score was used for 
statistical analysis] were performed on d -3, -2 and -1 prior to phase 1, on d 7, 8, and 9 of phase 
1, and on d 7, 8, and 9 of phase 2 for each period as described in Pate and Cardoso (2018). 
Cow activity was measured using an accelerometer (HOBO Pendant G Accelerometer 
Data Logger, Onset Computer Corp., Bourne, MA) attached laterally to the distal right hind leg 
using vet wrap. The activity monitor measured lying and standing behavior, similar to methods 
validated by Ledgerwood et al. (2010). The activity logger recorded data in 5-min intervals. Data 
collected was used to calculate standing time, standing bouts (per 24 h), and duration of each 
standing bout, as well as lying time, lying bouts (per 24 h), and duration of each lying bout. 
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Statistical Analyses 
 Data collected from periods 1 and 2 were analyzed using SAS (v. 9.4, SAS Institute Inc., 
Cary, NC). The study used was a crossover design with 2 periods, 2 dietary treatments, 2 
environmental treatments (during phase 2), and 2 groups of cows (Table 4.2). Observations 
during phase 1 (baseline phase) of each period were averaged and used as baseline to calculate 
paired difference values for each cow based on the difference between phase 1 baseline means 
and phase 2 (trial phase) values for each variable. The MIXED procedure of SAS was used for 
paired difference values with single measurements in each period. The model included sequence, 
environment, diet, environment × diet interaction, and period as fixed effects; and cow within 
sequence as a random effect using the following model: 
YHIJKL = 	µ + 	EOP + 	QR + @S 	+ 	(Q@)RS + 	>T + FO + 	εHIJKL 
where YHIJKL = the observations for dependent variables; µ = the overall mean; EOP = the fixed 
effect of the ith cow in the jth sequence; QR = the fixed effect of the kth environment (TN or HSC); 
@S = the fixed effect of the lth diet (RPM or CON); (Q@)RS = the interaction of environment and 
diet; >T = the fixed effect of the nth period; FO = the random effect of the ith cow within sequence; 
and εHIJKLV = the random residual error. 
The MIXED procedure of SAS was used for paired difference values of variables with 
multiple measurements within the same period, with day of phase 2 as the repeated effect. The 
model included sequence, environment, diet, environment × diet interaction, environment × day 
interaction, diet × day interaction, environment × diet × day interaction, and period as fixed 
effects; cow within sequence as a random effect; and day of phase 2 as the repeated effect using 
the following model: 
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YHIJKLV = 	µ + 	EOP + 	QR + @S 	+ 	!W +	(Q@)RS + (Q!)RW	 + 	(@!)SW	 + 	(Q@!)RSW	 + 	>T + 	FO + 	εHIJKLV 
 
where YHIJKLV = the observations for dependent variables; µ = the overall mean; EOP = the fixed 
effect of the ith cow in the jth sequence; QR = the fixed effect of the kth environment (TN or HSC); 
@S = the fixed effect of the lth diet (RPM or CON); !W the repeated measurement (day) effect; 
(Q@)RS = the interaction of environment and diet; (Q!)RW	 = the interaction of environment and 
day; (@!)SW	 = the interaction of diet and day; (Q@!)RSW	= the three-way interaction of environment, 
diet, and day; >T = the fixed effect of the nth period; FO = the random effect of the ith cow within 
sequence; and εHIJKLV = the random residual error. The estimation method was restrictive 
maximum likelihood (REML) and the degrees of freedom method was Kenward-Rogers (Littell 
et al., 2002). Variables were subjected to 5 covariance structures: compound symmetry, 
unstructured, autoregressive order 1, autoregressive heterogeneous order 1, and Toeplitz. The 
covariance structure that yielded the lowest corrected Akaike information criterion was 
compound symmetry and was utilized in the model (Littell et al., 2002). Statistical significance 




 Ingredient composition of the experimental TMR is in Table 4.1. Analyzed nutrient 
composition of the experimental TMR is in Table 4.3. The physical characteristics of the 
experimental TMR, based on the Penn State Particle Separator (Kononoff et al., 2003), were 
(mean ± SD): 3.2 ± 0.9 % on upper (19 mm pore size), 45.4 ± 2.3 % on middle (8 mm pore size), 
12.2 ± 2.6 % on lower (4 mm pore size) sieves, and 39.2 ± 3.2 % in the pan.  
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Physiological Parameters and Activity 
 Body temperature indices and physiological measurement data are in Table 4.4. Cows in 
HSC had a greater increase in vaginal temperature (+0.2°C; P < 0.001) and rectal temperature 
(+0.3°C; P < 0.001) compared to cows in PFTN (0.0°C and 0.0°C, respectively). Cows in HSC 
had a greater increase in respiration rate (+13.7 breaths/min; P < 0.001) and heart rate (+2.0 
beats/min; P = 0.001) compared to cows in PFTN (-1.6 breaths/min and -0.8 beats/min, 
respectively). Cows in HSC tended to have a greater skin temperature than cows in PFTN 
(+1.2°C and +0.9°C, respectively; P = 0.08). A tendency for an environment × diet interaction 
was present for vaginal temperature (P = 0.07). A day effect was present for vaginal temperature 
(P < 0.001; Figure 4.1A), skin temperature (P < 0.001), and heart rate (P < 0.001). An 
environment × day interaction was present for all physiological parameters (P = 0.01). 
 Lying and standing behavior data are in Table 4.5. Cows in HSC had a greater increase in 
standing bouts (+0.5 bouts/24 h; P < 0.001) and standing time (+82.1 min; P < 0.001) compared 
to cows in PFTN (-0.5 bouts/24 h and +21.3 min, respectively). Cows in HSC tended to have a 
greater increase in standing bout duration compared to cows in PFTN (+9.1 min and +3.8 min, 
respectively; P = 0.07). Cows in HSC had a greater decrease in lying time (-82.1 min; P < 0.001) 
and lying bout duration (-5.1 min; P < 0.001) compared to cows in PFTN (-21.3 min and +1.5 
min, respectively). An environment × diet interaction was present for lying bouts (P = 0.004), 
lying time (P = 0.02), and standing time (P = 0.02). A day effect was present for all lying and 
standing behavior variables (P < 0.001). An environment × day interaction was present for all 




DMI, BW, BCS, and Lactation Performance  
 Performance data are in Table 4.6. Cows in PFTN had a greater decrease in DMI 
compared to cows in HSC (-3.9 kg/d and -3.2 kg/d, respectively; P = 0.001). Cows in PFTN had 
a greater decrease in BW compared to cows in HSC (-20 kg and -8 kg, respectively; P = 0.01). 
Cows in PFTN had a greater decrease in milk yield (-2.6 kg/d; P < 0.001), 3.5% fat-corrected 
milk (FCM) yield (-2.3 kg/d; P = 0.04), and energy-corrected milk (ECM) yield (2.3 kg/d; P = 
0.04) compared to cows in HSC (-0.9kg/d, -1.0 kg/d, and -1.1 kg/d, respectively). Cows in PFTN 
tended to have a greater decrease in milk fat yield (-0.08 kg/d; P = 0.09) and milk casein yield (-
0.06 kg/d; P = 0.08) compared to cows in HSC (-0.03 kg/d and -0.03 kg/d, respectively). Cows 
in PFTN had a greater decrease in milk lactose concentration (-0.09 % units; P = 0.004) and milk 
lactose yield (-0.11 kg/d; P = 0.04) compared to cows in HSC (-0.03 % units and -0.05 kg/d, 
respectively). Cows in CON had greater (P = 0.04) decrease in milk protein concentration for 
PFTN (-0.10 % units) and HSC (-0.06 % units) compared to cows in RPM for PFTN (0.00 % 
units) and HSC (-0.02 % units). Cows in CON tended to have greater (P = 0.06) decrease in milk 
casein concentration for PFTN (-0.10 % units) and HSC (-0.05 % units) compared to cows in 
RPM for PFTN (-0.01 % units) and HSC (-0.02 % units). Cows in RPM tended (P = 0.06) to 
have greater increase in milk fat concentration for PFTN (+0.02 % units) and HSC (+0.12 % 
units) compared to cows in CON for PFTN (+0.01 % units) and HSC (-0.10 % units). An 
environment × diet interaction was present for milk fat concentration (P = 0.05) and milk casein 
concentration (P = 0.04). A tendency for an environment × diet interaction was present for milk 
protein concentration (P = 0.07). A day effect was present for DMI (P < 0.001; Figure 4.1B), 
milk yield (P < 0.001; Figure 4.1C), FCM yield (P = 0.04), ECM yield (P = 0.04), milk fat yield 
(P = 0.07), milk protein concentration (P = 0.006), milk protein yield (P = 0.001), milk casein 
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concentration (P = 0.001), milk casein yield (P = 0.002), milk casein as a proportion of total 
protein (P = 0.002), milk lactose concentration (P = 0.01), MUN (P = 0.06), FCM/DMI (P = 
0.04), and ECM/DMI (P = 0.05). An environment × day interaction was present for MUN (P = 
0.05; Figure 2). 
 
DISCUSSION 
 The objectives of this study were to evaluate the effects of a commercially-available 
RPM source (Smartamine M; Adisseo Inc., Antony, France) fed at 1.05 g of RPM / kg of DMI 
on lactation performance and physiological responses of lactating, multiparous Holstein cows 
during a HS challenge. Our hypothesis was that cows receiving RPM would experience 
improved lactation performance responses during a HS challenge compared to cows that did not 
receive RPM during a HS challenge. 
 Cows in HSC experienced marked signs of hyperthermia compared to those in PFTN 
during phase 2. Cows in HSC had an increase in vaginal, rectal, and skin temperatures, as well as 
an increase in respiration rate and heart rate, compared to cows in PFTN. These results are 
similar to those reported in previous reviews and experiments evaluating the effects of HS on 
dairy cows (Kadzere et al., 2002; Fabris et al., 2019). However, it is important to note that based 
on physiological measures such as rectal temperature and respiration rate, HS was less severe in 
the current study compared to previous reports utilizing an EHB model of HS. Al-Qaisi et al. 
(2019) reported a 1.2°C increase in rectal temperature and a 29 breaths/min increase in 
respiration rate for cows experiencing HS via EHB, compared to cows not in HS. The difference 
in physiological measurements between the current study and previous studies may be due to the 
differences in housing and ambient environment (tie-stall and box-stall, respectively; Al Qaisi et 
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al., 2019), as well as the time of year in which the studies were conducted. Additionally, cows in 
the current study were milked 3× per d and the EHB were turned off during milking in order 
bring cows to the milking parlor (approximately 1 h per milking and 3 h per d; approximately 0.5 
to 1 h per milking and 1.5 to 3 h per day for blankets to return to pre-disconnection 
temperatures); whereas, cows in the aforementioned experiment were milked twice daily. 
However, as previously mentioned, cows in the current study showed physiological signs of 
hyperthermia similar to those experienced by cows in free-stall facilities (Fabris et al., 2019). 
Therefore, hyperthermia was successfully achieved via EHB in the current study, and HSC 
severity mimicked HS conditions experienced in commercial settings. Another discussion point 
is that cows in HSC may have experienced signs of hyperthermia due to reduced thermal transfer 
to the environment caused by the EHB. One mechanism for evaluating this response would be 
the measurement of skin temperature directly under the blanket as opposed to neck skin 
temperature. Although this measurement was not conducted in the current experiment, skin 
temperature under the EHB should be evaluated in studies henceforth. Furthermore, cows in 
RPM tended to have increased vaginal temperature compared to cows in CON for both PFTN 
and HSC. The biological relevance of these data must be carefully evaluated.  
 Increased ambient temperature and humidity have been shown to alter dairy cattle 
activity. Previous research reported increased standing behavior and decreased lying behavior 
when cows were subject to conditions of HS (THI > 68; Cook et al., 2007; Allen et al., 2015; 
Nordlund et al., 2019). Similar results were reported in the current study, as cows in HSC had an 
increased number of standing bouts (no./24 h), standing bout duration (minutes), and total 
standing time (minutes), with a decrease in lying bout duration (minutes) and total lying time 
(minutes) compared to cows in PFTN. Increased standing time, and subsequently, decreased 
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lying time, for cows in HSC is likely an attempt by cows to dissipate heat to the environment via 
radiation, evaporation, convection, and/or conduction (Kadzere et al., 2002). Additionally, cows 
in PF-C had increased total standing time, decreased lying bouts, and decreased total lying time 
during phase 2 compared cows in PF-M. To our knowledge, there are minimal data on the 
relationship between restricted feed intake (i.e., pair-feeding), AA supplementation, and activity. 
We postulate that restricted intake during PFTN may have resulted in an unbalanced AA profile 
and a negative energy balance, resulting in increased standing time as an intuitive attempt by the 
cow to search for food (Sugden and Fuller, 1991; Schwab and Broderick, 2017). In the current 
study supplementation of RPM may have aided in maintaining energy balance via AA 
proportions in MP (NRC, 2001; Schwab and Broderick, 2017), leading to more efficient AA 
utilization and protein synthesis (Martinov et al., 2010; Zhou et al., 2016). This may have 
resulted in a decreased drive to search for food and subsequent decreased standing time. More 
research is needed regarding the effects of RPM feeding on cow activity during restricted feed 
intake, as well as on the physiological relevance of these data.  
Historically, DMI has been considered the main cause of decreased production response 
in dairy cattle under HS conditions. However, work in pigs (Pearce et al., 2013) and dairy cows 
(Rhoads et al., 2009; Wheelock et al. 2010; Cowley et al., 2015; Gao et al., 2017) have sought to 
determine the specific effects of HS, beyond decreased DMI, by utilizing a pair-feeding model. 
In the current study, cows in PFTN had a greater decrease in DMI compared to cows in HSC (-
3.9 kg/d vs -3.2 kg/d, respectively) during phase 2. This 0.7 kg/d difference in DMI between the 
PFTN and HSC groups is similar to previous trials utilizing a pair-feeding model. Rhoads et al. 
(2009) reported a 1.2 kg/d difference in DMI for cows in PFTN compared to cows in HSC (15.6 
kg/d and 16.8 kg/d, respectively), and Wheelock et al. (2010) reported a 1.1 kg/d difference in 
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DMI for cows in PFTN compared to those in HSC (13.0 kg/d and 14.1 kg/d, respectively). 
Furthermore, there was no difference between cows in HSC and PFTN regarding the reduction in 
DMI as a proportion of BW (-0.57% and -0.58%, respectively). Assessing DMI as a percentage 
of BW may offer a more accurate indication of the comparison between DMI of groups of cows 
with dissimilar BW, as seen in the current experiment. Additionally, these data support the 
current pair-feeding experimental design, as cows in PFTN were intentionally fed equal 
percentages of decreased DMI as cows in HSC. 
Although DMI data for the current experiment are similar to previous HS experiments 
utilizing a pair-feeding model, milk yield data are dissimilar. In the present study, cows in PFTN 
had a greater decrease in milk yield compared to cows in HSC (-8.8% and -3.0%, respectively) 
during phase 2. Contradictorily, HS cows have previously been shown to have a greater decrease 
in milk yield compared to those in PFTN. Rhoads et al. (2009) reported a 40% and 21% 
reduction in milk yield for cows in HS and PFTN, respectively, while Wheelock et al. (2010) 
reported a 28% and 14% reduction in milk yield for HS and PFTN, respectively. Although HS 
duration of the aforementioned experiments (7 d and 9 d) were similar to the current study (9 d); 
it is important to note that EHB induced HS for cows in tie-stall facilities, as used in the current 
experiment, may elicit different milk yield results than HS induced via temperature-controlled 
chambers (Rhoads et al., 2009; Wheelock et al., 2010; Cowley et al., 2015), or via EHB in box-
stall facilities (Al-Qaisi et al., 2019). The fact that cows in the current trial were removed from 
electrical heat source 3× per d for milking; whereas, heat application was constant for the 
aforementioned trials is also important to note. These discrepancies in HS induction technique, 
housing facility, and management practices may explain the differing milk yield responses 
between the current experiment and previous experiments. Furthermore, in the current trial, it 
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took a few days before the effects of HS to alter both vaginal temperature and milk yield for 
cows in HSC during phase 2 (Figures 1A and 1C, respectively); whereas, the effects on DMI 
were relatively immediate for cows in HSC and PFTN (Figure 4.1B). These data, along with the 
alterations in milk fat composition (Table 4.6) and MUN (Figure 4.2) as discussed hereafter, may 
suggest metabolic changes to cows in HSC that would support milk yield during the first few 
days of HSC. Concurrently, the immediate decrease in DMI via feed restriction may have caused 
cows in PFTN to undergo greater initial stress than cows in HSC with ad libitum access to feed, 
thus resulting in greater overall decrease in milk yield during phase 2. Further research should be 
conducted comparing the severity of stress caused by HS or restricted feed intake, and their 
effects on lactation performance.  
An increase in milk fat concentration for cows in HSC-M compared to HSC-C, and a 
tendency for increased milk fat concentration for cows in RPM compared to cows in CON was 
reported in the current study. These data are corroborated by previous research, as HS has been 
reported to decrease milk fat concentration in dairy cattle (Huber, 1996; Bouraoui et al., 2002; 
Kadzere et al., 2002). Additionally, Osorio et al. (2013) and Batistel et al. (2017) reported 
increased milk fat percentage and milk fat yield for cows receiving RPM compared to cows 
without RPM during stress conditions (i.e., periparturient period). Also, Chen et al. (2011) 
reported increased milk fat concentration when mid-lactation cows were supplemented with Met. 
The biological mechanism behind increased milk fat concentration for cows receiving Met 
supplementation during HS is not completely understood. One hypothesis is that Met induces 
efficient packaging of liver TAG into VLDL due to increased Apolipoprotein B-100 synthesis, 
thus leading to increased FA reaching the mammary gland for milk fat inclusion (Bauchart et al., 
1998; Osorio et al., 2013). However, the literature regarding Met role in hepatic VLDL 
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packaging is inconsistent (Chandler and White, 2017). Another mechanism could be that 
balanced feeding of indispensable AA (i.e., Met) may aide in mammary gland de novo FA 
synthesis due to increased mRNA expression of lipogenic enzymes, thus leading to increased 
milk fat concentration and milk fat yield (Li et al., 2016; Batistel et al., 2017). If these 
hypotheses were to be upheld, a shift in milk FA composition would be expected for cows 
receiving RPM. However, in the current study there was no difference in de novo FA 
concentration (as a percentage of total milk fat) or preformed FA concentration (as a percentage 
of total milk fat) between cows in RPM and CON. Therefore, more research is needed to 
elucidate the relationship between RPM feeding and milk fat concentration during HS. 
Furthermore, cows in HSC had a greater decrease in milk de novo FA concentration (as a 
percentage of total fat; -1.50 % units) and a greater increase in milk preformed FA concentration 
(+3.36 % units) compared to cows in PFTN (-0.22 % units and +1.50 % units, respectively) 
during phase 2. A decrease in de novo FA concentration has been attributed to decreased milk fat 
synthesis from rumen-derived precursors in the mammary gland (i.e., acetate; Lynch et al., 1992; 
Craninx et al., 2008; Barbano et al., 2019). Kelley et al. (1967) and Atteberry and Johnson 
(1969) reported altered rumen function and decreased VFA production in cows subject to HS 
conditions. Previous research has also suggested that, during HS, nutrient partitioning is diverted 
away from the mammary gland due to tissue-specific hormonal sensitivity alterations (Baumgard 
and Rhoads, 2013; Baumgard et al., 2015). Additionally, a shift in blood flow away from the 
mammary gland toward the skin surface in heat stressed animals has been reported, which could 
result in decreased FA precursors reaching the mammary gland (Hales, 1973; Lough et al., 
1990). Taken together, these data support the shift in de novo FA and preformed FA 
concentration in milk during HSC, as seen in the current study. 
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 In the current study, there was no difference in milk protein concentration decrease or 
milk casein concentration decrease between cows in HSC and PFTN. Similar results were 
reported by Cowley et al. (2015) in regard to milk protein concentration between cows in HS and 
PFTN conditions. However, in that study, a decrease in milk casein concentration for cows in HS 
was reported (Cowley et al., 2015). Additionally, Gao et al. (2017) reported a decrease in milk 
protein concentration, and Al-Qaisi et al. (2019) reported a tendency for decreased milk protein 
concentration, for cows in HS compared to those in PFTN. Conflicting results between the 
current study and previous studies in regard to milk protein and casein concentrations may be 
due to aforementioned experimental differences in HS induction technique and severity, housing 
facility, and management practices.  
It is important to note the environment × day interaction for MUN difference during 
phase 2 (Figure 2). By the end of phase 2, cows in HSC had increased MUN (+0.5 mg/dL) while 
cows in PFTN had decreased MUN (-1.0 mg/dL). Increased MUN has been previously reported 
for cows in HS conditions (Wheelock et al., 2010; Cowley et al., 2015; Al-Qaisi et al., 2019), 
and has been attributed to increased skeletal muscle catabolism in order to supply AA to the liver 
for gluconeogenesis, as well as acute phase protein and heat shock protein synthesis (Collier et 
al., 2008; Baumgard and Rhoads, 2013; Ríus, 2019). Similar to previous reports (Osorio et al., 
2013; Zhou et al., 2016), RPM feeding supported milk protein concentration, as cows in CON 
had a greater decrease in milk protein concentration and tended to have greater decrease in milk 
casein concentration compared to cows in RPM. Moreover, cows in PF-C had a greater decrease 
in milk casein concentration than cows in PF-M. Greater milk protein concentration and milk 
casein concentration when cows were supplemented with RPM is likely due to sufficient Met as 
a proportion of MP (NRC, 2001; Schwab and Broderick, 2017), as well as the direct effect of 
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Met supplementation on protein synthesis pathways (i.e., the mTOR pathway) in mammary 
epithelial tissue (Nan et al., 2014; Li et al., 2016).  The exact mechanism by which HS affects 
protein synthesis, as well as the mechanism by which indispensable AA supplementation during 
HS alters protein synthesis, warrants further study. 
The effect of period on multiple physiological, activity, and performance variables are 
reported in Tables 4, 5, and 6. It is important to note that in the current study a washout period, in 
which no RPM feeding and no HSC or pair-feeding occurred, was implemented in order to 
reduce the impact of carryover effects of nutritional or environmental treatments. Therefore, the 
authors believe that the period effects are not a result of experimental treatments. Furthermore, 
effects of period are likely attributed to factors such as stage of lactation or ambient environment 
due to the time of year in which the periods occurred. 
 Cows in PFTN had a greater decrease in milk lactose concentration and milk lactose yield 
than cows in HSC. Rhoads et al. (2009) and Shwartz et al. (2009) both reported similar decreases 
in milk lactose concentration for cows in both HS and PFTN conditions. The authors of those 
studies postulated that the decrease in lactose concentration was likely due to the decrease in 
DMI experienced by both groups of cows. Data from our trial are in agreement with these 
hypotheses, as the lactose concentration decrease coincided with a decrease in DMI for cows in 
both HSC and PFTN.  
 
CONCLUSIONS 
 Cows in HSC exhibited physiological signs of hyperthermia similar to those experienced 
by cows in a commercial dairy setting; as vaginal, skin, and rectal temperature increased, along 
with respiration rate and heart rate. Feeding RPM did not alter physiological parameters during 
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HSC. Additionally, HSC caused alterations in cow behavior, such as increased standing time and 
decreased lying time. Cows in PFTN conditions had a greater decrease in DMI and milk yield 
than cows in HSC. Feeding RPM improved milk composition during HSC, primarily as a result 
of higher milk fat and milk protein concentration. Additionally, DMI, milk yield, and feed 
efficiency were not affected by RPM during HSC. Still to be determined are the effects of RPM 
feeding to dairy cows during HS on blood parameters, immunological function, and liver and 
mammary gland function; as well as the duration and severity of HS on lactation performance 
and overall health.  
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TABLES AND FIGURES 
 
Table 4.1. Ingredient composition of the lactation diet fed to all 
cows during the experimental period. 
Ingredient  % of DM 
Corn silage1 40.88 
Dry ground corn grain 17.69 
Alfalfa silage 12.28 
Corn gluten feed pellets 8.42 
Alfalfa hay 6.32 
Mineral and vitamin mix2 3.62 
Soybean meal RUP source3 3.36 
Molasses 3.30 
Canola meal  1.68 
Rumen inert fat4 1.4 
Blood meal5 0.42 
Rumen-protected lysine6 0.42 
Urea 46% 0.21 
1All treatments fed at 34.4% corn silage DM 
2 Mineral and vitamin mix was formulated to contain 12.51% Ca, 
14.06% Na, 9.60% Cl, 3.18% Mg, 6.48% K, 0.19% S, 26.93 mg/kg 
Co, 301.01 mg/kg of Cu, 40.22 mg/kg of I, 678.25 mg/kg Fe, 
1,519.35 mg/kg Mn, 8.62 mg/kg Se, 4.47 mg/kg of organic Se, 
1621.05 mg/kg of Zn, 43.34 kIU/kg Vitamin A, 10.89 kIU/kg of 
Vitamin D3, 466.41 IU/kg of Vitamin E, 4.23 mg/kg of biotin, 46.65 
mg/kg of thiamine, and 0.35 g/kg of monensin (Rumensin, Elanco, 
Greenfield, IN) 
3SoyPlus (Dairy Nutrition Plus, Ralston IA) 
4Energy Booster 100 (Milk Specialties Global, Eden Prairie, MN) 
5ProVAAl AADvantage (Perdue AgriBusiness, Salisbury, MD) 





Table 4.2. Experimental design (split-plot 
crossover) 
    
  Period 1 (18 d)   Period 2 (18 d) 
Treatment1 Adaption 
(7d) 
Phase 1 –  
Baseline (9 d) 
Phase 2 –  
Trial (9 d) 
Wash-out 
period (14 d) 
Adaption 
(7d) 
Phase 1 –  
Baseline (9 d) 
Phase 2 –  
Trial (9 d) 
Heat stress and ad libitum (HSC)  --- Group 1 
(RPM and 
CON) 
---   Group 2 
(RPM and 
CON) 
Thermal neutral and pair-fed 
(PFTN) 
 --- Group 2 
(RPM and 
CON) 
---   Group 1 
(RPM and 
CON) 



























1During phase 2 of period 1 and 2, environmental treatments were pair-fed thermoneutral (PFTN) and heat stress challenge (HSC), and dietary  
 treatments were rumen-protected Met included with top dress (RPM) or no RPM included with top dress (CON). Top dress vehicle was 300g  







Table 4.3. Mean chemical composition and associated standard 
deviations for diets fed to all cows throughout the experimental period.  
Item Mean1 SD 
DM, % 46.8 2.8 
CP, % of DM 16.0 0.5 
Total tract undigested protein, % of DM3 3.8 0.2 
Total tract undigested protein, % of CP3 23.9 1.3 
ADF, % of DM 20.0 0.8 
NDF, % of DM 29.5 1.5 
NDF digestibility (30 h), % of DM  16.2 0.8 
Undigestible NDF (30 h), % of DM 13.3 0.7 
Lignin, % of DM 3.5 0.1 
NFC, % of DM 43.2 1.4 
NSC, % of DM 32.1 1.7 
Starch, % of DM 28.3 1.7 
Sugar, % of DM 3.8 0.2 
Crude fat, % of DM 4.5 0.1 
Ash, % of DM 8.16 0.38 
NEL, Mcal/kg of DM2 1.68 0.02 
Ca, % of DM 1.07 0.11 
P, % of DM 0.38 0.02 
Mg, % of DM 0.32 0.01 
K, % of DM 1.84 0.06 
Na, % of DM 0.57 0.02 
S, % of DM 0.22 0.01 
Cl, % of DM 0.72 0.05 
Fe, ppm 251 28 
Zn, ppm 109 8 
Cu, ppm 15 1 
Mn, ppm 90 4 
DCAD4, mEg/100 g of DM 37.9 2.2 
¹ Mean diet composition of phase 1 and 2 from periods 1 and 2 (n = 4). 
Samples were taken prior to top dress administration 
2 NRC (2001) 
3 Intestinal undigested residue, recovered on 1.5 micron filter (Ross et 
al., 2013) 





Table 4.4. Phase 1 baseline means and least squares means of paired differences and associated SEM for body temperature indices and physiological measurements of Holstein 
cows in different environmental treatments (Env): pair-fed thermoneutral (PFTN) or heat stress challenge (HSC), and fed different dietary treatments as top-dress (Diet): rumen-
protected Met (RPM) or no RPM (CON). 
 Phase 11 
 
Phase 22  P-value3 
Variable 
CON RPM 
Env  Diet  PFTN HSC SEM Env Diet Env×Diet Day 
PFTN HSC  CON RPM  CON RPM CON RPM      
Temperature indices                   
  Vaginal temperature, °C 38.9 38.9  0.0 +0.2  0.0 +0.2  -0.1 0.0 +0.1 +0.3 0.06 <0.001 0.07 0.07 <0.0014 
  Rectal temperature, °C 38.4 38.4  0.0 +0.3  +0.1 +0.1  0.0 0.0 +0.3 +0.3 0.03 <0.001 0.73 0.32 0.56 
  Skin temperature, °C 28.4 28.2  +0.9 +1.2  +1.0 +1.1  +0.9 +0.9 +1.1 +1.4 0.40 0.08 0.75 0.53 <0.001 
Physiological measurements                   
  Respiration rate, BrPM5 36.2 35.4  -1.6 13.7  +5.0 +7.1  -2.1 -1.1 12.2 15.3 1.57 <0.001 0.28 0.31 0.56 
  Heart rate, BPM6 76.6 77.1  -0.8 2.0  +0.6 +0.5  -0.8 -0.8 2.1 1.9 1.1 0.001 0.95 0.92 <0.001 
¹Means of the data for cows in CON or RPM during phase 1 (baseline) in periods 1 and 2 
2Values shown are paired difference values and were calculated for each cow for each period based on the difference between phase 1 baseline means and phase 2 values for each 
variable. During phase 2 of period 1 and 2, environmental treatments were pair-fed thermoneutral (PFTN) and heat stress challenge (HSC), and dietary treatments were rumen-
protected Met included with top dress (RPM) or no RPM included with top dress (CON). Top dress vehicle was 300g of dried molasses 
3No significant 3-way interaction (Env×Diet×Day) or Diet×Day interaction; P ≥ 0.10.  An Env×Day interaction was present for all variables; P = 0.01. No sequence 
effect was present; P ≥ 0.10. A period effect was present for vaginal temperature (P = 0.002), skin temperature (P < 0.001), and respiration rate (P = 0.002) 
4Day effect for vaginal temperature available in Figure 4.1A 
5Breaths per minute (BrPM) 








Table 4.5. Phase 1 baseline means and least squares means of paired differences and associated SEM for lying and standing behavior of Holstein cows in different environmental 
treatments (Env): pair-fed thermoneutral (PFTN) or heat stress challenge (HSC), and fed different dietary treatments as top-dress (Diet): rumen-protected Met (RPM) or no RPM 
(CON). 
 Phase 11  Phase 22  P-value3 
Variable 
CON RPM 
 Env  Diet  PFTN HSC 
SEM Env Diet Env×Diet Day PFTN HSC CON RPM  CON RPM CON RPM 
Lying bouts, no./24 h 11.3 11.4  -0.6 -0.4  -0.6 -0.4  -1.0a -0.2b -0.1b -0.6ab 0.3 0.22 0.60 0.004 <0.001 
Lying bout duration 66.7 64.7  +1.5 -5.1  -1.6 -2.1  +1.7 +1.2 -4.9 -5.3 1.9 <0.001 0.85 0.99 <0.001 
Lying time, min 714.6 710.9  -21.3 -82.1  -65.2 -38.2  -45.8a +3.2c -84.5b -79.7ab 15.9 <0.001 0.19 0.02 <0.001 
Standing bouts, no./24 h 10.3 10.1  -0.5 +0.5  -0.1 +0.1  -0.8 -0.3 +0.5 +0.6 0.3 <0.001 0.54 0.35 <0.001 
Standing bout duration 78.3 78.7  +3.8 +9.1  +9.9 +3.0  +8.3 -0.6 +11.6 +6.6 3.9 0.07 0.14 0.50 <0.001 
Standing time, min 725.4 729.1  +21.3 +82.1  +65.2 +38.2  +45.8a -3.2c +84.5b +79.7ab 16.0 <0.001 0.19 0.02 <0.001 
¹Means of the data for cows in CON or RPM during phase 1 (baseline) in periods 1 and 2 
2Values shown are paired difference values and were calculated for each cow for each period based on the difference between phase 1 baseline means and phase 2 values for each 
variable. During phase 2 of period 1 and 2, environmental treatments were pair-fed thermoneutral (PFTN) and heat stress challenge (HSC), and dietary treatments were rumen-
protected Met included with top dress (RPM) or no RPM included with top dress (CON). Top dress vehicle was 300g of dried molasses 
3No significant 3-way interaction (Env×Diet×Day) or Diet×Day interaction; P ≥ 0.10. An Env×Day interaction was present for all variables; P < 0.001. No 
sequence effect was present; (P > 0.10). A period effect was present for lying bouts (P < 0.001), lying bout duration (P < 0.001), standing bouts (P < 0.001), and 
standing bout duration (P < 0.001) 
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Table 4.6. Phase 1 baseline means and least squares means of paired differences and associated SEM for body weight (BW), body condition score (BCS), and production parameter 
response of Holstein cows in different environmental treatments (Env): pair-fed thermoneutral (PFTN) or heat stress challenge (HSC), and fed different dietary treatments (Diet) 
with rumen-protected Met (RPM) or without RPM (CON). 
 Phase 11  Phase 22  P-value3 
Variable 
CON RPM 
 Env  Diet  PFTN HSC 
SEM Env Diet Env×Diet Day PFTN HSC CON RPM CON RPM CON RPM 
DMI, kg/d 24.1 23.3  -3.9 -3.2  -3.5 -3.6  -4.0 -3.9 -3.0 -3.3 0.37 0.001 0.76 0.49 <0.0014 
BW, kg 724 698  -20 -8  -11 -16  -16 -23 -6 -9 4.5 0.01 0.31 0.66 - 
DMI, % of BW 3.27 3.25  -0.57 -0.58  -0.70 -0.45  -0.71 -0.43 -0.68 -0.48 0.13 0.92 0.09 0.76 - 
BCS  3.30 3.29  -0.07 -0.10  -0.08 -0.08  -0.08 -0.06 -0.09 -0.11 0.04 0.48 0.99 0.69 - 
Milk                    
 Milk yield, kg/d 31.9 28.6  -2.6 -0.9  -1.6 -1.8  -2.2 -2.9 -1.0 -0.7 0.61 <0.001 0.74 0.14 <0.0014 
 3.5% FCM, kg/d 34.4 31.7  -2.3 -1.0  -1.5 -1.8  -1.7 -2.8 -1.2 -0.7 0.74 0.04 0.69 0.21 0.03 
 ECM, kg/d 33.9 31.4  -2.3 -1.1  -1.6 -1.8  -1.9 -2.8 -1.2 -0.8 0.71 0.04 0.73 0.24 0.01 
Milk composition                   
 Fat, % 4.00 4.32  +0.01 +0.01  -0.04 +0.07  +0.01a +0.02a -0.10b +0.12c 0.06 0.94 0.06 0.05 0.70 
 Fat, kg/d 1.27 1.20  -0.08 -0.03  -0.05 -0.06  -0.06 -0.10 -0.05 -0.01 0.03 0.09 0.83 0.13 0.07 
 De novo FA, % of fat 22.48 22.48  -0.22 -1.06  -0.49 -0.79  +0.09 -0.53 -1.06 -1.05 0.42 0.01 0.52 0.34 0.29 
 Preformed FA, % of fat 42.43 44.19  +1.50 +3.36  +2.35 +2.51  +0.93 +2.07 +3.77 +2.96 0.86 0.01 0.87 0.14 0.14 
 Mixed FA, % of fat 35.09 33.33  -1.28 -2.30  -1.81 -1.70  -1.02 -1.54 -2.71 -1.91 0.71 0.12 0.86 0.21 0.02 
 Protein, % 3.29 3.45  -0.05 -0.04  -0.08 -0.01  -0.10 0.00 -0.06 -0.02 0.03 0.65 0.04 0.07 0.006 
 Protein, kg/d 1.02 0.96  -0.07 -0.04  -0.05 -0.06  -0.06 -0.09 -0.05 -0.03 0.02 0.11 0.68 0.24 0.001 
 Casein, % 2.71 2.82  -0.05 -0.04  -0.07 -0.02  -0.10a -0.01b -0.05ab -0.02ab 0.02 0.24 0.06 0.04 0.001 
 Casein, kg/d 0.85 0.81  -0.06 -0.03  -0.05 -0.04  -0.05 -0.07 -0.04 -0.02 0.02 0.08 0.88 0.24 0.002 
 Casein, % of protein 82.35 82.18  -0.16 -0.16  -0.15 -0.17  -0.09 -0.25  -0.23 -0.09 0.12 0.96 0.92 0.19 0.002 
 Lactose, % 4.64 4.67  -0.09 -0.03  -0.06 -0.06  -0.10 -0.07 -0.02 -0.05 0.02 0.004 0.78 0.16 0.01 
 Lactose, kg/d 1.48 1.33  -0.11 -0.05  -0.06 -0.10  -0.08 -0.15 -0.05 -0.06 0.04 0.04 0.37 0.40 0.37 
 MUN, mg/dL 11.45 11.54  -0.46 -0.24  -0.30 -0.41  -0.26 -0.66 -0.33 -0.15 0.43 0.44 0.82 0.32 0.06 
 SCC × 1,000/mL 171 146  +7 +9  +16 -1  +12 +2 +19 -2 10 0.48 0.62 0.23 0.68 
3.5% FCM/DMI kg/kg 1.44 1.36  +0.19 +0.14  +0.16 +0.18  +0.21 +0.17 +0.10 +0.18 0.04 0.22 0.58 0.15 0.04 
ECM/DMI, kg/kg 1.42 1.34  +0.18 +0.14  +0.15 +0.17  +0.20 +0.17 +0.10 +0.18 0.04 0.23 0.52 0.18 0.05 
Milk/DMI, kg/kg 1.34 1.24  +0.11 +0.16  +0.14 +0.12  +0.14 +0.08 +0.15 +0.17 0.04 0.06 0.64 0.13 0.21 
¹Means of the data for cows in CON or RPM during phase 1 (baseline) in periods 1 and 2 
2Values shown are paired difference values and were calculated for each cow for each period based on the difference between phase 1 baseline means and phase 2 values for each 
variable. During phase 2 of period 1 and 2, environmental treatments were pair-fed thermoneutral (PFTN) and heat stress challenge (HSC), and dietary treatments were rumen-
protected Met included with top dress (RPM) or no RPM included with top dress (CON). Top dress vehicle was 300g of dried molasses 
3No significant 3-way interaction (Env×Diet×Day) or Diet×Day interaction; P ≥ 0.10. An Env×Day interaction was present for MUN (P = 0.05; Figure 2). No 
sequence effect was present; P > 0.10. A period effect was present for BW (P = 0.03); BCS (P = 0.03); milk yield (P < 0.001); de novo FA (P = 0.05); preformed 
FA (P = 0.01); mixed FA (P < 0.001); casein (% of total protein; P < 0.001); MUN (P < 0.001); and SCC (P = 0.004). 
















































































Figure 4.1. Least squares means of paired differences and associated SEM for vaginal 
temperature (°C; A), DMI (kg/d; B) and milk yield (kg/d; C) for Holstein cows in different 
environmental treatments: pair-fed thermoneutral (PFTN, blue) or heat stress (HSC, orange). 
Data was collected on each day of phase 2. Day effect: A, P < 0.001; B, P < 0.001; C, P < 
0.001. Paired differences values were calculated for each cow for each period based on the 







Pate et al., Figure 4.2. 
 
Figure 4.2. Least squares means of paired differences and associated SEM for milk urea N 
(mg/dL) for Holstein cows in different environmental treatments: pair-fed thermoneutral (PFTN, 
blue) or heat stress (HSC, orange). Data was collected on day 1, 5, and 8 of phase 2. 
Environment × day: P = 0.05. Paired differences values were calculated for each cow for each 
period based on the difference between phase 1 baseline means (black horizontal line) and phase 




















Day of Phase 2
PF HSPFTN HSC 
153 
REFERENCES 
Allen, J. D., L. W. Hall, R. J. Collier, and J. F. Smith. 2015. Effect of core body temperature, 
time of day, and climate conditions on behavioral patterns of lactating dairy cows 
experiencing mild to moderate heat stress. J. Dairy Sci. 98:118–127. 
Al-Qaisi, M., E. A. Horst, S. K. Kvidera, E. J. Mayorga, L. L. Timms, and L. H. Baumgard. 
2019. Technical note: Developing a heat stress model in dairy cows using an electric heat 
blanket. J. Dairy Sci. 102:684–689. 
AOAC International. 1995a. Official method 934.01. Moisture in animal feed. Pages 23–26 in 
Official Methods of Analysis. 16th ed. Vol. 2. AOAC International, Arlington, VA. 
AOAC International. 1995b. Official method 972.16. Fat, lactose, protein, and solids in milk. 
Mid-infrared spectroscopic method. Pages 2–5 in Official Methods of Analysis. 16th ed. 
Vol. 2. AOAC International, Arlington, VA. 
Attebery, J. T., and H. D. Johnson. 1969. Effects of environmental  temperature, controlled 
feeding and fasting on rumen motility. J. Anim. Sci. 29:734. 
Barbano, D. M., C. Melilli, H. Dann, and R. Grant. 2019. The use of milk fatty acids as an 
indication of energy balance in dairy cows. Proc. Ruminant Nutr. Symp. 52-70. Univ. 
Florida, Gainsville, FL.  
Batistel, F., J. M. Arroyo, A. Bellingeri, L. Wang, B. Saremi, C. Parys, E. Trevisi, F. C. Cardoso, 
and J. J. Loor. 2017. Ethyl-cellulose rumen-protected methionine enhances performance 
during the periparturient period and early lactation in Holstein dairy cows. J. Dairy Sci. 
100:7455-7467. 
154 
Bauchart, D., D. Durand, D. Gruffat, and Y. Chilliard. 1998. Mechanism of liver steatosis in 
early lactation cows: Effects of hepatoprotector agents. Pages 49–56 in Proc. Cornell 
Nutr. Conf. Feed Manuf. Cornell University, Ithaca, NY. 
Baumgard, L. H., A. Keating, J. W. Ross, and R. P. Rhoads. 2015. Effects of heat stress on the 
immune system, metabolism and nutrient partitioning: implications on reproductive 
success. Rev. Bras. Reprod. Anim., Belo Horizonte. 39:173–183. 
Baumgard, L. H., and R. P. Rhoads. 2013. Effects of heat stress on postabsorptive metabolism 
and energetics. Anu. Rev. Anim. Biosci. 1:311–337. 
Baumgard, L. H., J. B. Wheelock, S. R. Sanders, C. E. Moore, H. B. Green, M. R. Waldron, and 
R. P. Rhoads. 2011. Postabsorptive carbohydrate adaptations to heat stress and monensin 
supplementation in lactating Holstein cows. J. Dairy Sci. 94:5620–5633. 
Beede, D. K., and R. J. Collier. 1986. Potential nutritional strategies for intensively managed 
cattle during thermal stress. J. Anim. Sci. 62:543–554. 
Berman, A. 2003. Effects of body surface area estimates on predicted energy requirements and 
heat stress. J. Dairy Sci. 86:3605–3610. 
Bernabucci, U., and L. Calamari. 1998. Effects of heat stress on bovine milk yield and 
composition. Zootec. Nutr. Anim. 24:247–257. 
Bernabucci, U., N. Lacetera, L. H. Baumgard, R. P. Rhoads, B. Ronchi, and A. Nardone. 2010. 
Metabolic and hormonal acclimation to heat stress in domesticated ruminants. Animal 
4:1167–1183. 
155 
Bouraoui, R., M. Lahmar, A. Majdoub, M. Djemli, and R. Belyea. 2002. The relationship of 
temperature-humidity index with milk production of dairy cows in a Mediterranean 
climate. Anim. Res. 51:479–491.  
Buffington, D. E., A. Collazo-Arocho, G. H. Canton, D. Pitt, W. W. Thatcher, and R. J. Collier. 
1981. Black globe-humidity index (BGHI) as comfort equation for dairy cows. Trans. 
ASAE 24:711–0714. 
Chandler, T. L. and H. M. White. 2017. Choline and methionine differentially alter methyl 
carbon metabolism in bovine neonatal hepatocytes. PLoS One 12:e0171080. 
Chen, Z. H., G. A. Broderick, N. D. Luchini, B. K. Sloan, and E. Devillard. 2011. Effect of 
feeding different sources of rumen-protected methionine on milk production and N-
utilization in lactating dairy cows. J. Dairy Sci. 94:1978–1988. 
Collier, R. J., J. L. Collier, R. P. Rhoads, and L. H. Baumgard. 2008. Invited Review: Genes 
involved in the bovine heat stress response. J. Dairy Sci. 91:445–454. 
Collier, R. J., B. J. Renquist, and Y. Xiao. 2017. A 100-Year Review: Stress physiology 
including heat stress. J. Dairy Sci. 100:10367–10380. 
Cook, N. B., R. L. Mentink, T. B. Bennett, and K. Burgi. 2007. The effect of heat stress and 
lameness on time budgets of lactating dairy cows. J. Dairy Sci. 90:1674–1682. 
Cowley, F. C., D. G. Barber, A. V. Houlihan, and D. P. Poppi. 2015. Immediate and residual 
effects of heat stress and restricted intake on milk protein and casein composition and 
energy metabolism. J. Dairy Sci. 98:2356–2368. 
Craninx, M., A. Steen, H. Van Laar, T. Van Nespen, J. Martín-Tereso, B. de Baets, and V. 
Fievez. 2008. Effect of lactation stage on the odd- and branched-chain milk fatty acids of 
dairy cattle under grazing and indoor conditions. J. Dairy Sci. 91:2662–2677.  
1 5 
156 
Fabris, T. F., J. Laporta, A. L. Skibiel, F. N. Corra, B. D. Senn, S. E. Wohlgemuth, and G. E. 
Dahl. 2019. Effect of heat stress during early, late, and entire dry period on dairy cattle. J. 
Dairy Sci. 102:5647–5656. 
Ferguson, J. D., D. T. Galligan, and N. Thomsen. 1994. Principal descriptors of body condition 
score in Holstein cows. J. Dairy Sci. 77:2695–2703. 
Gao, S. T., J. Guo, S. Y. Quan, X. M. Nan, M. V. S. Fernandez, L. H. Baumgard, and D. P. Bu. 
2017. The effects of heat stress on protein metabolism in lactating Holstein cows. J. 
Dairy Sci. 100:5040–5049. 
Hales, J. R. S. 1973. Effects of exposure to hot enviornments on the regional distribution of 
blood flow on cardiorespiratory function in sheep. Pflugers Arch. 344:133–148. 
Huber, J. T. 1996. Amelioration of heat stress in dairy cattle. Pages 211–243 in Progress in Dairy 
Science. C. J. C. Philips, ed. CAB International, Wallingford, UK. 
Kadzere, C. T., M. R. Murphy, N. Silanikove, and E. Maltz. 2002. Heat stress in lactating dairy 
cows: a review. Livestock Prod. Sci. 77:59–91. 
Kelley, R. O., F. A. Martz, and H. D. Johnson. 1967. Effect of environmental temperature on 
ruminal volatile fatty acid levels with controlled feed intake. J. Dairy Sci. 50:531–533. 
Kononoff, P., A. Heinrichs, and D. Buckmaster. 2003. Modification of the Penn State forage and 
total mixed ration particle separator and the effects of moisture content on its 
measurements. J. Dairy Sci. 86:1858–1863. 
Krause, K., D. Dhuyvetter, and G. Oetzel. 2009. Effect of a low-moisture buffer block on 
ruminal pH in lactating dairy cattle induced with subacute ruminal acidosis. J. Dairy Sci. 
92:352–364. 
157 
Ledgerwood, D. N., C. Winckler, and C. B. Tucker. 2010. Evaluation of data loggers, sampling 
intervals, and editing techniques for measuring the lying behavior of dairy cattle. J. Dairy 
Sci. 93:5129–5139. 
Lemerle, C., and M. E. Goddard. 1986. Assessment of heat stress in	dairy cattle in Papua New 
Guinea. Trop. Anim. Health Prod.	18:232–242. 
Li, S., A. Hosseini, M. Danes, C. Jacometo, J. Liu, and J. J. Loor. 2016. Essential amino acid 
ratios and mTOR affect lipogenic gene networks and miRNA expression in bovine 
mammary epithelial cells. J. Anim. Sci. Biotechnol. 7:44. 
Littell, R. C. 2002. Analysis of unbalanced mixed model data: a case study comparison of 
ANOVA versus REML/GLS. J. Agric. Biol. Environ. Stat. 7:472–490. 
Lough, D. S., D. L. Beede, and C. J. Wilcox. 1990. Effects of feed intake and thermal stress on 
mammary blood flow and other physiological measurements in lactating dairy cows. J. 
Dairy Sci. 73:325–332. 
Lynch. J. M.. D. M. Barbano, D. E. Bauman. G. F. Hartnell, and M. A. Nemeth. 1992. Effect of a 
prolonged-release formulation of n-methionyl bovine somatotropin (Sometribove®) on 
milk fat. J. Dairy Sci. 75: 1775–1809. 
Martinov, M. V., V. M. Vitvitsky, R. Banerjee, and F. I. Ataullakhanov. 2010. The logic of the 
hepatic methionine metabolic cycle. Biochim. Biophys. Acta 1804:89–96. 
Maust, L. E., W. G. Pond, and M. L. Scott. 1972. Energy value of a cassava-rice bran diet with 




Nan, X., D. Bu, X. Li, J. Wang, H. Wei, H. Hu, L. Zhou, and J. J. Loor. 2014. Ratio of lysine to 
methionine alters expression of genes involved in milk protein transcription and 
translation and mTOR phosphorylation in bovine mammary cells. Physiol. Genomics 
46:268–275. 
Nardone, A., N. Lacetera, U. Bernabucci, and B. Ronchi. 1997. Composition of colostrum from 
dairy heifers exposed to high air temperatures during late pregnancy and the early 
postpartum period. J. Dairy Sci. 80:838–844. 
Nordlund, K. V., P. Strassburg, T. B. Bennett, G. R. Oetzel, and N. B. Cook. 2019. 
Thermodynamics of standing and lying behavior in lactating dairy cows in freestall and 
parlor holding pens during conditions of heat stress. J. Dairy Sci. 102:6495–6507. 
NRC 2001. Nutrient Requirements of Dairy Cattle. 7th rev. ed. Natl. Acad. Press, Washington, 
DC. 
Osorio, J. S., P. Ji, J. K. Drackley, D. Luchini, and J. J. Loor. 2013. Supplemental Smartamine 
M® or MetaSmart® during the transition period benefits postpartal cow performance and 
blood neutrophil function. J. Dairy Sci. 96:6248–6263. 
Pate, R. T., and F. C. Cardoso. 2018. Injectable trace minerals (selenium, copper, zinc, and 
manganese) alleviates inflammation and oxidative stress during an aflatoxin challenge in 
lactating multiparous Holstein cows. J. Dairy Sci. 101:8532–8543 
Pearce, S. C., N. K. Gabler, J. W. Ross, J. Escobar, J. F. Patience, R. P. Rhoads, and L. H. 
Baumgard. 2013. The effects of heat stress and plane of nutrition on metabolism in 
growing pigs. J. Anim. Sci. 91:2108–2118. 
 
159 
Rhoads, M. L., R. P. Rhoads, M. J. VanBaale, R. J. Collier, S. R. Sanders, W. J. Weber, B. A. 
Crooker, and L. H. Baumgard. 2009. Effects of heat stress and plane of nutrition on 
lactating Holstein cows: I. Production, metabolism, and aspects of circulating 
somatotropin. J. Dairy Sci. 92:1986–1997. 
Ríus, A. G. 2019. Invited Review: Adaptations of protein and amino acid metabolism to heat 
stress in dairy cows and other livestock species. Appl. Anim. Sci. 35:39–48. 
Ross, D. A., M. Gutierrez-Botero, and M. E. Van Amburgh. 2013. Development of an in vitro 
intestinal digestibility assay for ruminant feeds. Proc. Cornell Nutr. Conf. Feed Manuf. 
190-202. Cornell Univ., Ithaca, NY.  
Schwab, C., N. Whitehouse, D. Luchini, and B. Sloan. 2009. Reevaluation of the breakpoint 
estimates for the NRC (2001) required concentrations of lysine and methionine in 
metabolizable protein for maximal content and yield of milk protein. J. Dairy Sci. 92 
(Suppl. 1):103. (Abstr.) 
Schwab, C. 2012. The principles of balancing diets for amino acids and their impact on N 
utilization efficiency. Proc. Ruminant Nutr. Symp. 1-15. Univ. Florida, Gainsville, FL.  
Schwab, C. G., and G. A. Broderick. 2017. A 100-Year Review: Protein and amino acid nutrition 
in dairy cows. J. Dairy Sci. 100:10094–10112. 
Shwartz, G., M. L. Rhoads, M. J. VanBaale, R. P. Rhoads, and L. H. Baumgard. 2009. Effects of 
a supplemental yeast culture on heat-stressed lactating Holstein cows. J. Dairy Sci.  
92:935–942. 
Silanikove, N., Maltz, E., Shinder, D., Bogin, E., Bastholm, T.,	Christensen, N.J., Noggarrd, P., 
1998. Metabolic and productive response of dairy cows to increased ion supplementation	
at early lactation in hot weather. J. Dairy Sci. Res. 65:529–543.  
 
160 
St-Pierre, N. R., B. Cobanov, and G. Schnitkey. 2003. Economic losses from heat stress by US 
livestock industries. J. Dairy Sci. 86:52–77. 
Sugden, P. H., and S. J. Fuller. 1991. Regulation of protein turnover in skeletal and cardiac 
muscle. Biochem J. 273:21–37. 
Van Amburgh, M. E., T. R. Overton, L. E. Chase, D. A. Ross and E. B. Recktenwald. The 
Cornell net carbohydrate and protein system: current and future approaches for balancing 
of amino acids. Cornell Nutr. Conf. Feed Manuf. 28-37. Cornell Univ., Ithaca, NY. 
West, J. W. 1999. Nutritional strategies for managing the heat-stressed dairy cow. J. Anim. Sci. 
77:21–35. 
Wheelock, J. B., R. P. Rhoads, M. J. VanBaale, S. R. Sanders, and L. H. Baumgard. Effects of 
heat stress on energetic metabolism in lactating Holstein cows. J. Dairy Sci. 93:644–655. 
Wojciechowski, K. L., and D. M. Barbano. 2016. Prediction of fatty acid chain length and 
unsaturation of milk fat by mid-infrared milk analysis. J. Dairy Sci. 99:8561–8570. 
Zhou, Z., M. Vailati-Riboni, E. Trevisi, J. K. Drackley, D. N. Luchini, and J. J. Loor. 2016. 
Better postpartal performance in dairy cows supplemented with rumen-protected 





RUMEN-PROTECTED METHIONINE AIDED IN MAMMARY CELL 
PRESERVATION AND IMMUNOACTIVATION DURING A HEAT STRESS 




 Heat stress (HS) causes overt negative effects on the performance of dairy cattle, most 
notably decreased milk yield and milk component yield. In order to acclimate to HS conditions, 
dairy cattle undergo a number of acute physiological adaptions, including increased evaporative 
heat loss via elevated respiration rate (Lemerle and Goddard, 1986; Kadzere et al., 2002), 
increased sweating rate (McLean, 1963), and increased water intake (Schneider et al., 1988; 
Silanikove et al., 1998). Additionally, DMI may decrease as an attempt to reduce heat increment 
incurred by feed digestion and milk production (Maust et al., 1972; Collier et al., 2017). When 
acute acclimation to HS is achieved, dairy cattle utilize extensive and complex chronic 
acclimatization techniques, via homeorhetic mechanisms, to reduce HS by improved efficiency 
of heat dissipation and decreased heat production (Bernabucci et al., 2010). During times of 
thermoneutral (TN) negative energy balance, insulin concentrations are decreased resulting in 
increased lipid mobilization and subsequent increase in non-esterified fatty acids (NEFA) in the 
circulation (Bauman and Currie, 1980; Drackley, 1999). However, during times of HS-induced 
negative energy balance, it has been reported that dairy cattle exhibit increased concentrations of 
insulin and decreased concentrations of NEFA within the blood (Wheelock et al., 2010; Gao et 
al., 2017). This is likely an attempt to reduce heat increment produced via fatty acid β-oxidation 
as opposed to glucose oxidation (Baumgard and Rhoads, 2013). Furthermore, insulin sensitivity 
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may be tissue dependent, and certain tissues, such as adipose, may have altered insulin 
responsiveness resulting in a net decrease in lipolysis and fatty acid mobilization by adipose 
tissue (Baumgard and Rhoads, 2013; Xie et al., 2016). This would explain the decrease in NEFA 
concentration reported in cows in HS conditions (Wheelock et al., 2010; Baumgard et al., 2015; 
Xie et al., 2016). Meanwhile, skeletal muscle may exhibit decreased insulin sensitivity during 
HS, eliciting a catabolic response, as seen by increased plasma AA concentrations, increased 
PUN concentration, and increased plasma creatinine concentration (Cowley et al., 2015; Gao et 
al., 2017). These metabolic changes may in part explain a decreased milk yield response, as 
nutrient partitioning may be moved away from the mammary gland during times of HS. 
 Another proposed mechanism for nutrient partitioning away from the mammary gland 
during HS is related to gastrointestinal integrity. Animals increase vasodilation at the skin 
surface in an effort to increase heat dissipation to the environment (Di Costanza et al., 1997; 
Santschi et al., 2005, Zimbelman et al., 2010). In order for this to occur, vasoconstriction must 
take place at the site of the gastrointestinal tract (Lambert, 2009). Subsequently, gastrointestinal 
vasoconstriction leads to morphological changes and increased gastrointestinal permeability, 
which can cause an influx of lipopolysaccharide (LPS) into the circulatory system (Lambert et 
al., 2002, Pearce et al., 2013; Baumgard et al., 2015). Kvidera et al. (2017) reported that an LPS 
challenge administered through jugular infusion resulted in innate immune system activation, 
which independently accounted for approximately 1,092 g of glucose utilization within 12 hours. 
Therefore, it is possible that HS-derived gastrointestinal permeability causes increased glucose 
consumption by the activated immune system and increased glucose and AA uptake by the liver 
for inflammatory marker synthesis (i.e., acute phase proteins [APP]), resulting in an overall 
reduction in milk and milk component yields.  
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 Methionine is an indispensable AA (IAA), and when diets are properly balanced for IAA, 
increased milk yield and milk component yield have been reported (Osorio et al., 2013; Zhou et 
al., 2016b; Batistel et al., 2017). Additionally, when rumen-protected Met (RPM) is utilized in 
diets of dairy cows under stress conditions (i.e., transition period), milk yield and milk 
component yield improve. Those same studies reported improvements in liver function, 
inflammation, and oxidative stress when RPM was fed during the transition period (Osorio et al., 
2013; Zhou et al., 2016b; Batistel et al., 2017). Authors of the current study have also reported 
that when diets are balanced for IAA using RPM during a HS challenge, milk protein and fat 
concentrations increased (Pate et al., accepted). However, limited research is available on the 
effects of RPM feeding during HS on previously mentioned hormonal and metabolic biomarkers 
in blood, or parameters of inflammation and immune activation in blood. Furthermore, HS has 
been reported to cause adverse effects on mammary epithelial cells, including increased 
apoptosis, decreased proliferation and differentiation, and increased inflammatory response 
mechanisms (Collier et al., 2008; Tao et al., 2018; Salama et al., 2019). However, Met 
supplementation has been shown to reduce adverse effects of mammary epithelial cell exposure 
to HS in vitro (Han et al., 2015; Salama et al., 2019). Thus, it is plausible that RPM feeding in 
dairy cattle exposed to HS may improve mammary cell health and reduce inflammation as well.    
Therefore,	the objectives of this study were to evaluate the effects of a commercially-
available RPM source (Smartamine M; Adisseo Inc., Antony, France) fed at 1.05 g of RPM / kg 
of DMI on blood metabolites at 2 time points post-feeding (4 and 8 h), blood inflammatory 
biomarkers, as well immunohistochemical parameters in mammary tissue harvested from 
lactating, multiparous Holstein cows during a HS challenge. 
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MATERIALS AND METHODS 
Animal Care and Housing 
 All experimental procedures were approved by the University of Illinois (Urbana-
Champaign) Institutional Animal Care and Use Committee (no. 18156). The experimental period 
occurred from September 2018 to December 2018. Cows were housed in a tie-stall barn and had 
constant access to water (Pate et al., accepted).  
Experimental Design and Heat Stress Procedure 
Experimental design and heat stress challenge procedure have been previously described 
in depth by Pate et al. (accepted). Briefly, a total of 32 multiparous lactating Holstein cows were 
randomly assigned to 1 of 2 dietary treatments [TMR with rumen-protected Met (RPM; 
Smartamine M; Adisseo Inc., Antony, France; 1.05 g of RPM / kg of DMI) or TMR without 
RPM (CON)], and within each dietary treatment group cows were randomly assigned to 1 of 2 
environmental treatment groups in a split-plot crossover design. The study was divided into 2 
periods (period 1 and period 2) with 2 identical experimental phases (phase 1 and phase 2) within 
each period. Prior to each period there was an adaption phase (7 d) where cows were fed their 
respective dietary treatment, and no samples were collected. During phase 1 (baseline phase; 9 
d), all cows were in thermoneutral conditions and fed ad libitum. During phase 2 (trial phase; 9 
d) group 1 (n = 16) was exposed to a HS challenge (HSC), where cows were fitted with an 
electric heat blanket (EHB). Electric heat blankets remained on group 1 cows for the entire 
duration of phase 2. Meanwhile, group 2 (n = 16) remained in TN conditions but was pair-fed 
(PFTN) to their HSC counterparts. After a 14-d washout period and 7-d adaption period in TN 
conditions, the study was repeated (period 2) and the environmental treatments were inverted 
relative to treatments from phase 2 of period 1, while the dietary treatments (RPM or CON) 
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remained the same as in period 1 for each cow. The same TMR was fed to all cows throughout 
the experimental period. During phase 1, all cows were fed once daily at 1300 h. During phase 2, 
HSC cows were fed once daily at 1300 h, while calculated TMR allocation for PFTN cows was 
divided in 2 and offered at 1300 h and 2200 h in order to minimize the potential effect of slug-
feeding. The daily RPM allocation (1.05 g of RPM / kg of DMI) for cows in RPM was mixed 
with 300 g of molasses and top dressed onto the TMR immediately after feeding. Cows in CON 
were administered a top dress consisting of 300 g of molasses only onto the TMR immediately 
after feeding. The dosage rate of 1.05 g of RPM / kg of DMI allowed for proper AA balancing of 
the diet based on relevant literature (NRC, 2001; Schwab et al. 2009; Van Amburgh et al. 2009; 
and Schwab 2012). Based on AMTS.Cattle.Pro version 4.7 (2017, AMTS, LLC, Groton, NY) 
predictions, cows in RPM received 2.72 kg of MP per d; and  2.57% of MP as Met, 7.01% of MP 
as Lys, and 2.47% of MP as His with a Lys:Met of 2.73 and a His:Met of 0.96; while cows in 
CON received 2.71 kg of MP per d; and 2.03% of MP as Met, 7.05% of MP as Lys, and 2.49% 
of MP as His with a Lys:Met of 3.47 and a His:Met of 1.22. Diet ingredient composition and 
nutrient analysis data are available in Pate et al. (accepted).  
Blood Sampling and Analysis 
Blood samples were taken from the coccygeal vein or artery at 0400 h and 0800 h post-
feeding (1700 h and 2100h, respectively) on d 1, 3, 6, and 9 of phase 1 and d 1, 3, and 6 of phase 
2 of each period from each cow (BD Vacutainer; BD and Co., Franklin Lakes, NJ). Serum and 
plasma samples were obtained via centrifugation of the tubes at 2,500 × g for 15 min at 4°C and 
stored at −80 until further analysis was conducted. Serum and plasma samples collected during 
phase 1 of each period were pooled relative to h collected. Heparinized plasma samples were 
sent to the University of Illinois Veterinary Diagnostic Laboratory to be analyzed for bovine 
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chemistry profiles (PUN, glucose, NEFA, insulin, and albumin) using the AU680 Beckman 
Coulter analyzer (http://vetmed.illinois.edu/vet-resources/veterinary-diagnostic-
laboratory/clinical-pathology/). Commercially available assay kits were used to analyze plasma 
samples for serum amyloid A (SAA), lipopolysaccharide binding protein (LBP), L-lactate, and 
interleukin-1β (IL-1β), and serum samples for haptoglobin. Glucose, PUN, NEFA, and insulin 
were analyzed in samples taken at 4 and 8 h post-feeding time points. Haptoglobin, SAA, LBP, 
L-lactate, and IL-1β were analyzed in samples taken at 8 h post-feeding time points only. Plasma 
SAA was assessed using the Phase Range Multispecies SAA ELISA kit (Tridelta Development, 
Ltd., Maynooth, Ireland; detection range: 9.4-150µg/mL), following manufacturer’s instructions. 
Plasma LBP was assessed using the Human Lipopolysaccharide Binding Protein Multispecies 
Reactive ELISA Kit (Cell Sciences, Newburyport, MA; detection range: 5-50 ng/mL), following 
manufacturer’s instructions. Plasma L-lactate was assessed using the L-lactate assay kit (Cayman 
Chemical, Ann Arbor, MI; detection range 25µM-1mM), following manufacturer’s instructions. 
Plasma IL-1β was assessed using Bovine IL-1β ELISA Reagent Kit (Invitrogen, Thermo Fisher 
Scientific, Waltham, MA; detection range: 7.8-2000 pg/mL), following manufacturer’s 
instructions. Serum haptoglobin was analyzed using Cow Haptoglobin ELISA Kit (Life 
Diagnostics Inc., West Chester, PA; detection range: 3.9-250 µg/mL), following manufacturer’s 
instructions. Insulin sensitivity was calculated using the revised quantitative insulin sensitivity 











 Plasma AA analyses were performed on phase 1 pooled samples and d 6 of phase 2 
samples for periods 1 and 2. Briefly, plasma was gravimetrically mixed with universally labeled 
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13C AA (#CLM-1548, Cambridge Isotope Laboratories) and deproteinized by centrifugation in 
500 mM perchloric acid. Free AA were derivatized with the EZ:faast kit (#KG0-7165, 
Phenomenex, Torrance CA) and analyzed in a liquid chromatography-mass spectrometry system 
(LCMS-2020, Shimadzu, Kyoto, Japan) according to the EZ:faast kit instructions. All plasma 
AA analyses were conducted in the Dr. Sebastian Arriola Apelo laboratory (University of 
Wisconsin, Madison).  
Mammary Tissue Biopsies  
Mammary biopsies were performed at approximately 0700 h (post-AM milking) on d 9 
of phase 2 of each period using a similar technique to that described by Han et al. (2018). 
Briefly, a 12 gauge × 16 cm biopsy needle (Bard Magnum; C. R. Bard, Inc., Murray Hill, NJ) 
was used to remove approximately 300 mg of mammary tissue via 6 punctures of approximately 
5 cm in depth. Mammary samples (approximately 50 mg) were immediately placed in 1.5 mL 
4% paraformaldehyde solution for 24 h before being transferred to 70% ethanol and sent to the 
University of Illinois Veterinary Diagnostic Laboratory for paraffin embedding.  
Immunohistochemistry: Apoptosis, Proliferation, and Differentiation 
Mammary gland tissue samples mounted in paraffin were cut into sections of 4 µm 
thickness and used for the analysis of cell apoptosis, proliferation, and differentiation. Briefly, 
samples were deparaffinized by 2× submersion in xylenes for 5 min, submersion in a 50:50 
solution of xylenes:EtOH for 3 min, 2× submersion in 100% EtOH for 5 min, submersion in 
95% EtOH for 3 min, submersion in 85% EtOH for 3 min, submersion in 75% EtOH for 3 min, 
submersion in 50% EtOH for 3 min, submersion in 0.85% NaCl solution for 5 min, and 
submersion in PBS for 5 min. Samples were then immersed in fixative (4% paraformaldehyde 
solution) for 15 min at 37°C. The samples were washed in PBS and then incubated for 15 min at 
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23°C in 150 µL of proteinase K solution (AM2546; Invitrogen, Thermo Fisher Scientific, 
Waltham, MA). Samples were then washed with PBS, placed back in fixative for 5 min at 37°C, 
and then washed again with PBS. Apoptotic cells of mammary gland tissue were assessed using 
terminal deoxynucleotidyl transferase (TdT)-mediated nick-end labeling (TUNEL), based on 
DNA fragmentation detection. Slides were incubated using the Click-iT Plus TUNEL Assay 
(C10617; Invitrogen, Thermo Fisher Scientific, Waltham, MA) reagents following 
manufacturer’s instructions. Bovine mammary tissue incubated with DNase I (EN0521; 
Invitrogen, Thermo Fisher Scientific, Waltham, MA) for 30 min was used for protocol 
validation. Proliferating cells of mammary gland tissue were assessed using 
immunohistochemical staining for Ki-67 (9129; Cell Signal Technologies, Danvers, MA). 
Briefly, samples were blocked with 3% bovine serum albumin for 1 h and then incubated for 16 
h at 4°C in the presence of the primary antibody. After washing in PBS, samples were incubated 
with an appropriate secondary antibody for 1 h at 23°C. The mammary gland samples were then 
counterstained for 15 min with Hoechst 33342 (Thermo Fisher Scientific, Waltham, MA). After 
counterstaining, the samples were mounted with Flouromount Aqueous Mounting Medium 
(Sigma-Aldrich, Co., St. Louis, MO), and cured for 1 h at 23°C. Slides were then stored at -20°C 
until fluorescence evaluation. Differentiating cells of mammary gland tissue were assessed using 
immunohistochemical staining for transcription factors MIST1 (PA5-24145; Invitrogen, Thermo 
Fisher Scientific, Waltham, MA) and x-box binding protein 1 (XBP1; PA5-25010; Invitrogen, 
Thermo Fisher Scientific, Waltham, MA). Briefly, samples were blocked with 3% bovine serum 
albumin for 1 h then incubated for 16 h at 4°C in the presence of the primary antibody. After 
washing in PBS, samples were incubated with an appropriate secondary antibody for 1 h at 23°C. 
The mammary gland samples were then counterstained for 15 min with Hoechst 33342 (Thermo 
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Fisher Scientific, Waltham, MA). After counterstaining, the samples were mounted with 
Flouromount Aqueous Mounting Medium (Sigma-Aldrich, Co., St. Louis, MO), and cured for 1 
h at 23°C. Slides were then stored at -20°C until fluorescence evaluation. 
The samples were evaluated via fluorescence microscopy under a Leica DMR 
microscope (Leica Microsystems, Concord, ON, Canada), and images were captured on a 
MicroPublisher 5.0 RTV (Teledyne QImaging, Surrey, BC, Canada) using a 40× objective lens 
(Figure 5.1). Total area (pixels2) of Hoescht 33342 positive cells, apoptotic cells (TUNEL), and 
proliferating cells (Ki-67 antigen expressing cells) were measured on 5 subsections of each 
sample (n = 48) with the image processing software Axiovision 4.9.3 (Carl Zeiss MicroImaging, 
Oberkochen, Germany), similar to methods by Sivaguru et al. (2019). Intensity of emission for 
differentiating cells (MIST1 and XBP1 antigen expressing cells) were analyzed on 5 subsections 
of each sample (n = 40) with the image processing software Axiovision 4.9.3 (Carl Zeiss 
MicroImaging, Oberkochen, Germany), similar to methods by Ryan et al. (2019). 
Statistical Analyses 
 Data collected from period 1 and 2 were analyzed using SAS (v. 9.4, SAS Institute Inc., 
Cary, NC). The study used was a split-plot crossover design with 2 periods, 2 dietary treatments, 
and 2 environmental treatments (during phase 2). Blood data during phase 1 (baseline phase) of 
each period were averaged and used as baseline to calculate paired difference values for each 
cow based on the difference between phase 1 baseline means and phase 2 (trial phase) values for 
each blood variable. Glucose, PUN, NEFA, insulin, and RQUICKI paired differences values 
were analyzed for two separate time points post-feeding (4 and 8 h), as well as the average of the 
paired difference values from 4 and 8 h post-feeding. Albumin, haptoglobin, SAA, LBP, L-
lactate, and IL-1β paired difference values were analyzed for one time point post-feeding (8 h). 
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The MIXED procedure of SAS was used for paired difference values of blood variables with 
multiple measurements within the same period, with day of phase 2 as the repeated effect. The 
model included sequence, environment, diet, environment × diet interaction, environment × day 
interaction, diet × day interaction, environment × diet × day interaction, and period as fixed 
effects; cow within sequence as a random effect; and day of phase 2 as the repeated effect using 
the following model: 
YBCDEFG = 	µ + 	HIJ + 	<K + LM 	+ 	NO +	(<L)KM + (<N)KO	 + 	(LN)MO	 + 	(<LN)KMO	 + 	PQ + 	%I + 	εBCDEFG 
 
where YBCDEFG = the observations for dependent variables; µ = the overall mean; HIJ = the 
fixed effect of the ith cow in the jth sequence; <K = the fixed effect of the k
th environment (TN or 
HSC); LM = the fixed effect of the l
th diet (RPM or CON); NO the repeated measurement (day) 
effect; (<L)KM = the interaction of environment and diet; (<N)KO	 = the interaction of 
environment and day; (LN)MO	 = the interaction of diet and day; (<LN)KMO	= the three-way 
interaction of environment, diet, and day; PQ = the fixed effect of the n
th period; %I = the random 
effect of the ith cow within sequence; and εBCDEFG = the random residual error.  
The MIXED procedure of SAS was used for plasma AA and mammary tissue 
immunohistochemical data with single measurements in each period. The model included 
sequence, environment, diet, environment × diet interaction, and period as fixed effects; and cow 
within sequence as a random effect using the following model: 
YBCDEF = 	µ + 	HIJ + 	<K + LM 	+ 	(<L)KM + 	PQ + %I + 	εBCDEF 
 
where YBCDEF = the observations for dependent variables; µ = the overall mean; HIJ = the 
fixed effect of the ith cow in the jth sequence; <K = the fixed effect of the k
th environment (TN or 
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HSC); LM = the fixed effect of the l
th diet (RPM or CON); (<L)KM = the interaction of 
environment and diet; PQ = the fixed effect of the n
th period; %I = the random effect of the i
th cow 
within sequence; and εBCDEFG = the random residual error.The estimation method was restrictive 
maximum likelihood (REML) and the degrees of freedom method was Kenward-Rogers (Littell 
et al., 2002). Variables were subjected to 5 covariance structures: compound symmetry, 
unstructured, autoregressive order 1, autoregressive heterogeneous order 1, and Toeplitz. The 
covariance structure that yielded the lowest corrected Akaike information criterion was 
compound symmetry and was utilized in the model (Littell et al., 2002). Normality and 
homoscedasticity of residuals distribution was evaluated. Apoptotic cell proportion, proliferating 
cell proportion, MIST1, and XBP1 were log transformed for better normality and 
homoscedasticity of residuals. Data presented for these variables were back transformed. 
Statistical significance was declared at P ≤ 0.05 and trends at 0.05 < P ≤ 0.10. 
 
RESULTS 
Serum and Plasma 
 Plasma data for AA profile are in Table 5.1. During phase 1, cows in RPM had greater 
plasma Met concentration compared to cows in CON (59.4 µM and 31.4 µM, respectively; P < 
0.001). During phase 1, cows in RPM had greater plasma Met as a percentage of total AA 
compared to cows in CON (3.3 % of total AA and 1.6 % of total AA, respectively; P < 0.001). 
During phase 1, cows in RPM had greater plasma Met as a percentage of total indispensable AA 
compared to cows in CON (6.7 % of total indispensable AA and 3.3 % of total indispensable 
AA; respectively; P < 0.001). Plasma AA data during phase 2 are available in Table 5.1. Cows in 
HSC had a decrease in total AA (-93.0 µM), total branched chain AA (-20.3 µM), and total 
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indispensable AA (-110.1 µM) compared to cows in PFTN (+213.5 µM, +84.2 µM, and +96.1 
µM, respectively; P = 0.03, P = 0.02, and P = 0.009, respectively). Cows in PFTN had an 
increase in His compared to no change for cows in HSC (+11.2 µM and 0.0 µM; P = 0.03). Cows 
in HSC had a decrease in Leu compared to cows in PFTN (-36.4 µM and +70.4 µM; P < 0.001). 
Cows is PFTN had a greater decrease in Glu compared to cows in HSC (-3.7 µM and -0.1 µM; P 
= 0.004). Cows in PFTN had a greater increase in Gly compared to cows in HSC (+63.8 µM and 
+18.4 µM; P = 0.007). 
Serum and plasma data for metabolic and inflammatory markers are in Tables 5.2 and 
5.3. At 4 h post-feeding, cows in RPM tended to have a greater increase in PUN compared to 
cows in CON (+1.17 mg/dL and +0.42 mg/dL, respectively; P = 0.10). At 8 h post-feeding, cows 
in PFTN had a greater decrease in PUN compared to cows in HSC (-0.66 mg/dL and -0.09 
mg/dL, respectively; P = 0.04). At 4 h post-feeding, cows in HSC had a greater increase in 
plasma glucose compared to cows in PFTN (+3.23 mg/dL and +0.92 mg/dL, respectively; P = 
0.02). At 4 h post-feeding, cows in HSC tended to have increased plasma NEFA compared to a 
decrease in plasma NEFA for cows in PFTN (+0.02 mmol/L and -0.04 mmol/L, respectively; P 
= 0.10); however, at 8 h post-feeding, cows in PFTN had a greater increase in plasma NEFA 
compared to cows in HSC (+0.10 mmol/L and +0.01 mmol/L, respectively; P = 0.04). An 
environment × diet interaction was present for plasma NEFA for the average of 4 and 8 h post-
feeding time points. At 4 h post-feeding, cows in PFTN had a greater decrease in plasma insulin 
compared to cows in HSC (-2.7 µIU/mL and -0.7 µIU/mL, respectively; P = 0.01). Similar 
plasma insulin results were present at 8 h post-feeding for PFTN compared to HSC (-7.7 µIU/mL 
and -0.4 µIU/mL, respectively; P < 0.001), as well as for the average of 4 and 8 h post-feeding 
for PFTN compared to HSC (-5.5 µIU/mL and -0.5 µIU/mL, respectively; P < 0.001). 
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Additionally, at 8 h post-feeding, an environment × diet interaction was present for plasma 
insulin (P = 0.04). A greater increase in RQUICKI was present for cows in PFTN compared to 
HSC at 4 h post-feeding (+0.03 and +0.01, respectively; P < 0.001), 8 h post-feeding (+0.06 and 
+0.01, respectively; P < 0.001), and for the average of 4 and 8 h post-feeding time points (+0.05 
and +0.01, respectively; P < 0.001). At 4 h post-feeding, an environment × diet interaction was 
present for RQUICKI (P = 0.05). A day effect was present for plasma NEFA at 4 h post-feeding 
(P = 0.009) and for plasma NEFA for the average of 4 and 8 h post-feeding time points.  
 An environment × diet interaction was present for plasma albumin (P = 0.004). Cows in 
HSC had an increase in plasma SAA compared to a decrease in plasma SAA for cows in PFTN 
(+58 µg/mL and -59 µg/mL, respectively; P < 0.001). Additionally, a tendency for an 
environment × diet interaction was present for plasma SAA (P = 0.08). Cows in HSC had an 
increase in serum haptoglobin compared to a decrease in serum haptoglobin for cows in PFTN 
(+33 µg/mL and -3 µg/mL, respectively; P = 0.02). Cows in HSC had an increase in plasma LBP 
compared to a decrease in plasma LBP for cows in PFTN (+0.11 µg/mL and -0.27 µg/mL, 
respectively; P < 0.001). Cows in HSC had an increase in plasma IL-1β compared to a decrease 
in plasma IL-1β for cows in PFTN (+3.9 pg/mL and -1.9 pg/mL, respectively; P = 0.03). 
Additionally, day effect was present for plasma IL-1β (P < 0.001). 
Mammary Tissue Immunohistochemistry 
 Mammary tissue immunohistochemical data are in Table 5.4, and examples of 
hematoxylin and eosin and immunohistochemical staining of mammary tissue are in Figure 5.1. 
An environment × diet interaction was present for apoptotic cells (percentage of total cells; P = 
0.03), as well as for the ratio of apoptotic cells to proliferating cells (P = 0.005). Mammary tissue 
cells from cows in HSC had a greater XBP1 emission intensity compared to mammary tissue 
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cells from cows in PFTN (1145 and 225, respectively; P = 0.01). Additionally, a tendency for an 
environment × diet interaction was present for XBP1 emission intensity (P = 0.10). 
 
DISCUSSION 
 Heat stress has been shown to alter metabolism in dairy cattle, most notably causing 
increased insulin concentration and decreased total AA concentration in blood (Wheelock et al., 
2010; Gao et al., 2017). Previous research have reported that feeding RPM during stressful 
periods (i.e., the transition period) resulted in increased Met concentration in the blood (Stella et 
al., 2018), and improvements in immune function (Osorio et al., 2014; Zhou et al., 2016b). 
Recently, our group has reported the effects of RPM feeding during HS on production and 
physiological variables (Pate et al., accepted); however, limited research is available on RPM 
feeding during HS on metabolism and inflammation markers in dairy cattle. Therefore, the 
objectives of this study were to evaluate the effects of a commercially-available RPM source 
(Smartamine M; Adisseo Inc., Antony, France) fed at 1.05 g of RPM / kg of DMI on blood 
metabolites at 2 time points post-feeding (4 and 8 h), blood inflammatory biomarkers, as well 
immunohistochemical parameters in mammary tissue harvested from lactating, multiparous 
Holstein cows during a HS challenge. Our hypothesis was that compared to cows in pair-fed TN 
conditions, cows undergoing a HS challenge would experience marked changes in metabolic and 
inflammatory markers in blood and in mammary tissue. Additionally, we hypothesize that 
feeding RPM may alter some of these changes, particularly in regard to protein metabolism and 
synthesis. 
Physiological parameters, behavior, and performance data were previously reported by 
Pate et al. (accepted). Briefly, cows in HSC had a greater increase in vaginal temperature 
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(+0.2°C), rectal temperature (+0.3°C), respiration rate (+13.7 breaths/min), and heart rate (+2.0 
beats/min) compared to cows in PFTN (0.0°C, 0.0°C, -1.6 breaths/min, and -0.8 beats/min, 
respectively). Cows in PFTN had a greater decrease in DMI compared to cows in HSC (-3.9 kg/d 
and -3.2 kg/d, respectively); however there was no difference DMI as a percentage of BW 
between HSC and PFTN. Cows in PFTN had a greater decrease in milk yield (-2.6 kg/d) 
compared to cows in HSC (-0.9kg/d). Cows in CON had greater decrease in milk protein 
concentration for PFTN (-0.10 % units) and HSC (-0.06 % units) compared to cows in RPM for 
PFTN (0.00 % units) and HSC (-0.02 % units). Cows in RPM tended to have greater increase in 
milk fat concentration for PFTN (+0.02 % units) and HSC (+0.12 % units) compared to cows in 
CON for PFTN (+0.01 % units) and HSC (-0.10 % units). 
Plasma Met concentration, Met as a percentage of total AA, and Met as a percentage of 
IAA were assessed during phase 1 in order to understand the efficacy of dietary treatment in the 
current experiment. Similar to other works that fed RPM to Holstein cows (Toledo et al., 2017; 
Stella et al., 2018), cows in RPM had an 89% increase in plasma Met concentration compared to 
cows in CON during phase 1. Additionally, cows in RPM had a 106% increase in Met as a 
percentage of TAA and a 103% increase in Met as a percentage of IAA compared to cows in 
CON. These data confirm that the dietary treatment (0.105% RPM / kg of DMI as top dress) in 
the current study adequately increased bioavailable Met for cows in RPM compared to cows in 
PFTN. It is important to note that cows in RPM and CON had greater Met concentration in 
plasma (59.4 µM and 31.4 µM, respectively), compared to previous studies (30.4 µM and 18.1 
µM, respectively; Stella et al., 2018). However this is likely due to plasma sample timing post-
feeding, as Toledo et al. (2017) reported peak Met concentration in plasma at 12 h post-feeding, 
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with similar plasma Met concentration for cows in RPM and CON (52.4 µM and 26.0 µM) 
compared to the current study. 
Gao et al. (2017) reported a decrease in total AA concentration for cows in HS compared 
to cows in PFTN. Others have speculated that the reduction in total AA in the circulation during 
HS is likely due to increased AA utilization for gluconeogenic purposes, as well as increased AA 
utilization for inflammatory protein synthesis (Ronchi et al., 1999; Cowley et al., 2015; Gao et 
al., 2017). In the current experiment, cows in HSC had a decrease in total AA and total IAA 
concentration compared to cows in PFTN. Furthermore, cows in HSC had an increase in PUN, 
likely indicating an increase in AA deamination in the liver for gluconeogenic purposes, as well 
as increased circulating APP compared to cows in PFTN. Therefore these data support the 
hypothesis that HS causes increased whole-body AA utilization for gluconeogenesis and APP 
synthesis, leading to reduced plasma AA concentrations. Kassube et al. (2017) and Gao et al. 
(2017) reported decreased Leu concentration in the blood of cows in HS conditions compared to 
cows in TN conditions. These data are corroborated in the current study, as cows in HSC had a 
decrease in Leu and total BCAA concentration compared to cows in PFTN. Leucine plays an 
important role in protein metabolism and insulin responsiveness (Garlick, 2005). Previous 
studies have reported that increased plasma Leu concentration results in increased protein 
synthesis in multiple tissues, including skeletal muscle and the mammary gland, and is likely due 
to Leu direct effects on mTOR activation and increased insulin sensitivity (Escobar at el., 2006; 
Kim, 2009; Appuhamy et al., 2012; Arrioloa Apelo et al., 2014). Therefore, reduced Leu 
concentration for cows in HSC in the current study may have caused decreased skeletal muscle 
insulin sensitivity, resulting in overall protein degradation and increased PUN. However, further 
research on Leu effects during HS conditions is needed.  
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Blood was sampled at two time points post-feeding (4 and 8 h) to evaluate the effects of 
postprandial sample timing on metabolic biomarkers during a HS challenge or TN pair-feeding. 
In the current study, sampling at 4 and 8 h post-feeding yielded divergent paired-difference 
results for plasma biomarkers. For instance, an environment effect was present at 8 h post-
feeding, but not at 4 h post-feeding for PUN. Additionally, an environment effect was present at 
4 h post-feeding, but not at 8 h post-feeding for blood glucose. Furthermore, at 4 h post-feeding 
cows in PFTN tended to have a decrease in NEFA; whereas, at 8 h post-feeding cows in PFTN 
had an increase in NEFA. It is widely recognized that postprandial blood metabolite 
concentrations change over time in humans (Takahashi et al., 2018), pigs (Campos et al., 2019), 
poultry (Buyse et al., 2002), and ruminants (Jenny and Polan, 1974; Chase et al., 1977). In dairy 
cattle, it has been reported that blood metabolite concentrations are further altered based on 
physiological and environmental conditions, such as the periparturient period or HS (Wheelock 
et al., 2010; Zapata et al., 2015; Gärtner et al., 2019). Although it is understood that metabolic 
changes in blood metabolites are altered during conditions of HS, exact biological mechanisms 
responsible for these changes are not well defined. While many studies have been conducted to 
elucidate these mechanisms, it is important to note that blood sample timing among these studies 
is rather inconsistent. For example, blood sample timing for trials related to HS in dairy cattle 
have been reported to occur at approximately 0 to 1 h post-feeding (Schwartz et al., 2009; 
Kauffman et al., 2018), 2 to 3 h post-feeding (Gao et al., 2017), 12 h post-feeding (Wheelock et 
al., 2010), and in some cases blood sample timing relative to feeding was not reported (Rhoads et 
al., 2009; Cowley et al., 2015). The current study shows that postprandial blood sample timing is 
an important factor to take into consideration when analyzing metabolite concentrations, 
especially in situations of HS or feed restriction. Although an optimal postprandial blood 
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sampling time point is still to be determined, the authors suggest that standardization of blood 
sampling time point be considered when utilizing the HS model of research in order to 
adequately compare blood metabolite results among studies. Data on the average of 4 and 8 h 
postprandial blood samplings were assessed. Averaging sample time point data alters the results 
of some biomarker concentrations in blood when compared to single time point data (Table 5.2). 
For example, an environmental effect was present at 8 h and a tendency for an environment 
effect is present at 4 h for plasma NEFA; however, no environmental effect is present for the 
averaged data. Therefore, the practice of averaging data from multiple blood sampling time 
points should be avoided when measuring blood metabolites post-feeding. 
At 4 h post-feeding, cows in PFTN had a greater decrease in plasma insulin concentration 
than cows in HSC, while at 8 h post-feeding an even greater decrease was observed for cows in 
PFTN than cows in HSC.  Additionally, there was no difference in plasma NEFA between 
environmental treatments at 4 h post-feeding, which is likely because PFTN cows at 4 h post-
feeding were still in an absorptive state and not considered metabolically restricted. However, at 
8 h post-feeding, cows in PFTN had a greater increase in NEFA than did cows in HSC. A 
decrease in insulin and a rise in NEFA is a typical response for cows in negative energy balance 
or a feed restricted state, as exhibited by cows in PFTN (Bauman and Currie, 1980; Drackley, 
1999). Previous works have described that cows in HS conditions with reduced DMI undergo 
marked postabsorptive metabolic changes compared to cows with reduced DMI in TN, including 
increased insulin secretion coinciding with reduced NEFA in circulation, insinuating decreased 
systemic insulin sensitivity during HS (Itoh et al., 1998; Wheelock et al., 2010; Baumgard and 
Rhoads, 2013). One method of calculating insulin sensitivity is RQUICKI analysis, which has 
been extensively used for studies measuring metabolic changes throughout the transition period 
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(Holtenius and Holtenius, 2007; Rico et al., 2015; Gärtner et al., 2019). Although RQUICKI is 
an indirect method of calculating insulin sensitivity established in humans, and may be variable 
based on factors such as stage of lactation and pregnancy status (Schoenberg et al., 2012; De 
Koster and Opsomer, 2013), it may offer valuable information in determining insulin 
responsiveness in mid-lactation dairy cattle during HS. To the author’s knowledge this method 
has not been extensively utilized in HS research in lactating dairy cattle, but may aid in 
understanding mechanisms by which cows undergo insulin responsiveness, particularly over 
time postprandial. In the current study, cows in PFTN had a greater increase in RQUICKI 
(indicating increased insulin sensitivity) at 4 h post-feeding than cows in HSC (+0.03 and +0.01), 
and an even greater increase in RQUICKI at 8 h (+0.06 and +0.01). These data, along with 
insulin, NEFA, and glucose data suggest that cows in HSC were experiencing reduced insulin 
sensitivity when compared to cows in PFTN. However, although cows in PFTN had in increase 
in RQUCKI, they also had an increase in NEFA coinciding with a decrease insulin concentration 
in plasma, indicating reduced systemic insulin sensitivity. Therefore, RQUICKI data in this 
experiment must be evaluated with caution.  
Restricted intake and pair-feeding models have been widely used to study the effects of 
HS beyond those attributed to reduction in DMI (McGuire et al., 1989; Wheelock et al., 2010; 
Pate et al., accepted). As previously discussed, cows in PFTN had an increase in insulin 
sensitivity at both 4 and 8 h post-feeding compared to cows in HSC, as well as reduced insulin, 
glucose, and PUN concentrations, and increased NEFA concentrations. These data are 
corroborated by previous research (Rhoads et al., 2009; Wheelock et al., 2010). Although the 
pair-feeding TN model is extremely useful in describing metabolic differences between DMI 
reduction during HS and TN pair-feeding, it is important to note that these metabolic alterations 
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for cows in PFTN may cause confounding effects when measuring differences in lactation 
performance. Therefore, metabolic data should be used in conjunction with lactation 
performance data in order to adequately describe differences between cows in HS and pair-fed 
TN treatment groups. 
 Cows in HS conditions have an increase in plasma creatinine, urea N, and free AA, as 
well as increased MUN, indicating some degree of skeletal muscle breakdown during 
hyperthermia (Wheelock et al., 2010; Cowley et al, 2015; Gao et al., 2017). It is postulated that 
skeletal muscle catabolism is used to provide gluconeogenic precursors (i.e., glucogenic AA) to 
the liver in order to maintain blood glucose homeostasis during HS (Gao et al., 2017; Ríus, 
2019). Additionally, muscle catabolism may play a role in providing AA substrates to the liver 
for APP synthesis or to bone marrow for leukocyte synthesis during HS-derived inflammation 
(Bruins et al., 2000, 2002; Hoskin et al., 2016; Ríus, 2019). Although the exact mechanisms 
behind skeletal muscle breakdown during HS are not fully known, reduced skeletal muscle 
insulin sensitivity may be the culprit. Decreased skeletal muscle insulin sensitivity elicits a 
catabolic response, thus resulting in increased PUN, creatinine, and free AA (Baumgard and 
Rhoads, 2013; Gao et al., 2017). This theory is corroborated in the current study, as cows in HSC 
had reduced insulin sensitivity and increased PUN compared to cows in PFTN at 8 h post-
feeding. Additionally, we previously reported that cows in HSC had an increase in MUN 
compared to cows in PFTN by the end of phase 2 (Pate et al., accepted). Additionally, increased 
PUN may be a result of increased microbial protein synthesis via nitrogen incorporation in the 
rumen; however, this method could not be tested in the current study as ruminal content samples 
were not collected. Also, data regarding rumen ammonia concentration and microbial crude 
protein synthesis during HS are inconsistent (Cowley et al., 2015; Gao et al., 2017). Furthermore, 
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PUN tended to increase for cows in RPM compared to CON at 4 h post-feeding; however, by 8 h 
post-feeding there was no difference in PUN among dietary treatments. Also, no MUN 
difference was detected between cows in RPM or CON (Pate et al., accepted). This suggests that 
there is minimal, if any, effect of RPM feeding on muscle catabolism or liver AA deamination 
during HSC. These data are supported by multiple studies in which RPM had no effect on PUN 
concentration throughout the transition period (Osorio et al., 2014; Zhou et al., 2016a).  
 Previous studies and reviews have thoroughly discussed the methods by which HS causes 
immunoactivation. One mechanism is that HS directly activates cellular heat shock factors, 
triggering an increase in the synthesis of heat-shock proteins (HSP) which initiate an 
inflammatory response in innate immune cells (Asea et al., 2002; Collier et al., 2008; Pawar et 
al., 2014; Zininga et al., 2018). Another mechanism is that HS causes LPS-induced 
immunoactivation. Briefly, as animals attempt to dissipate heat to the environment during HS, 
blood flow to the gastrointestinal tract is reduced causing a reduction in enterocyte integrity due 
to decreased oxygen and nutrient supply (Hales 1973; Pearce et al., 2013). This barrier function 
degradation is characterized by an influx of bacterial endotoxin (i.e., LPS) into the circulation, 
thus eliciting a marked immunological response (Baumgard and Rhoads, 2013; Pearce et al., 
2013; Koch et al., 2019). In the current study, cows in HSC had an increase in LBP, a positive 
APP responsible for endotoxin sequestration, transfer, and presentation to macrophage and 
granulocytes (Ceciliani et al., 2012). These data are in agreement with previous research 
measuring the effects of HS on LPS and LBP concentration in humans (Selkirk et al., 2008), rats 
(Hall et al., 2001), pigs (Pearce et al., 2013; Campos et al., 2019), and ruminants (Nemes-Navon 
et al., 2019; Koch et al., 2019), and thus support the LPS-induced immunoactivation model. 
Furthermore, during immunoactivation (via HSP-induction, LPS-induction, or both) innate 
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immune cells release pro-inflammatory cytokines (i.e., TNFα, IL-1β, and IL-6), which cause the 
release of positive APP from the liver (Ceciliani et al., 2012; Murphy et al., 2012). In the current 
study, cows in HSC had an increase in plasma IL-1β concentration. These data are supported by 
previous reports studying the effects of HS on immunoactivation and pro-inflammatory cytokine 
production. Nemes-Navon et al. (2019) reported a 6.7 fold increase in TNFα for cows in HS, 
while Min et al. (2016b) report increases in both TNFα and IL-6 for cows in HS. Additionally, it 
has been reported that plasma IL-1β, IL-6, and TNFα are increased during HS in rats (Ji et al., 
2014). Additionally, greater increases in haptoglobin and SAA concentrations were present for 
cows in HSC compared to PFTN. Hamzaoui et al. (2013) reported an increase in plasma 
haptoglobin when dairy goats were in HS conditions compared to TN conditions. Therefore, 
when data regarding blood inflammatory markers from the current study are taken together, they 
indicate that cows in HSC elicited a robust immune response that is consistent with previous 
literature. Furthermore, as discussed in Pate et al. (accepted), degree of HS may vary based on 
numerous factors; including severity, duration, and HS-induction method. Consequently, 
understanding the ways in which varying degrees of HS affect dairy cattle is of great importance 
to the dairy industry. Inflammatory biomarker data provided in the current study, along with 
other metabolic biomarkers as described here and in previous literature (Baumgard and Rhoads, 
2013; Ríus, 2019), may be combined to determine the degree of HS that an animal may be facing 
via blood sampling.  
Mechanisms causing altered postabsorptive metabolism in cows in HS are complex and 
largely unknown, particularly in regard to immune system orchestration of these events. As 
previously discussed, HS causes increased insulin concentration and reduced insulin sensitivity. 
Baumgard and Rhoads (2013), suggested that the increase in circulating insulin concentration 
183 
seen in HS cows is likely due to increased pancreatic β-cell secretion of insulin during 
immunoactivation, rather than a decreased ability for peripheral tissue to uptake insulin. It has 
thus been theorized that increased insulin secretion by pancreatic β-cells is a proinflammatory 
cytokine response as opposed to a direct response to circulating LPS. This is supported by the 
fact that LPS challenged cows had neither an increase nor decrease in protein abundance of 
insulin receptors in muscle, adipose, or liver tissues (Horst et al., 2019). Furthermore, dairy cows 
and calves challenged with LPS had a delay in insulin concentration increase post LPS 
challenge, insinuating that a secondary messenger is the cause of increased insulin secretion 
(Waldron et al., 2006; Baumgard and Rhoads, 2013). Based on data from the study herein, this 
postulation seems highly plausible as increased plasma insulin concentration is concomitant with 
increased plasma IL-1β concentration, as well as the fact that previous studies have reported 
increased cytokine concentrations during HS (Min et al., 2016a, 2016b; Nemes-Navon et al., 
2019). However, this postulation is speculative, as it is unknown whether the increased plasma 
cytokine concertation during HS is coincidental or causal in regard to increased insulin secretion. 
Studies measuring the effects of inflammatory cytokine or chemokine treatments on metabolism 
biomarkers are inconsistent. Subcutaneous injection of TNF-α (Yuan et al., 2013) and 
intrauterine infusion of IL-8 (Zinicola et al., 2019b) in early lactation cows resulted in no 
alteration in insulin concentrations, while subcutaneous IL-8 administration to calves resulted in 
increased insulin concentrations and sensitivity (Zinicola et al., 2019). Therefore, further 
research is needed regarding proinflammatory cytokines effects on metabolism during HS. 
 Previous studies have determined that HS has marked direct effects on mammary tissue, 
likely contributing to decreased milk yield and milk component yield, as well as increased SCC 
(Kaufman et al., 2018; Tao et al., 2018). Collier et al. (2006) and Salama et al. (2019) reported 
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increased expression of cell apoptosis genes and decreased expression of cell proliferation genes 
in mammary cells incubated in HS conditions, indicating that programmed epithelial cell death 
may occur during HS. These data are confirmed in the present study, as cows in HSC and CON 
had a greater percentage of apoptotic mammary cells and a greater ratio of apoptotic to 
proliferating cells than cows in PFTN and CON. It has also been reported that gene expression 
and protein abundance of HSP increase in mammary epithelial tissue incubated at high 
temperatures in vitro (Collier et al., 2006; Han et al., 2015; Salama et al., 2019), as well in vivo 
(Orellana et al., 2017), indicating that mammary epithelial cells increase synthesis of 
cytoprotective proteins during HS. Han et al. (2015) and Salama et al. (2019) both reported 
increased expression of HSP family A member 1A (HSPA1A) when Met was supplemented to 
the mammary epithelial cells under HS conditions. Furthermore, Kaufman et al. (2018) and 
Salama et al. (2019) showed an increase in mRNA expression and protein abundance of IAA 
transporters in mammary epithelial tissue under HS conditions. When these data are taken 
together, it is plausible that under HS, mammary epithelial cells have an increased demand for 
IAA (i.e., Met) in order to synthesize HSP necessary for cellular protection. In the current study, 
cows in HSC and CON had a greater proportion of apoptotic to proliferating cells than cows in 
HSC and RPM. These data are corroborated by previous works reporting increased expression of 
genes related to cell proliferation and cell anti-apoptosis, as well as decreased concentrations of 
oxidative stress indicators in mammary epithelial cells supplemented with Met under HS (Han et 
al., 2015; Salama et al., 2019). Therefore, it is possible that RPM feeding elicits a positive 
cytoprotective response in mammary cells during HS. Although milk yield was not different 
between cows in RPM and CON, milk fat percentage, milk protein percentage, and milk casein 
percentage were increased for cows in RPM compared to cows in CON during HS (Pate et al., 
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accepted). These responses may be a direct result of RPM cytoprotective effects on mammary 
cells. However, further research on this topic is needed.  
 Spliced XBP1 isoform is an activated transcription factor involved in the unfolded 
protein response, and is responsible for the activation of genes related to endoplasmic reticulum 
biogenesis and development of secretory vesicles, such as MIST1 (Lee et al., 2002; Davis et al., 
2016; Cant et al., 2018). Recent studies have proposed that increased XBP1 in mammary cells 
may enhance protein secretory capacity (Nichols et al., 2019). In the current study, mammary 
cells from cows in HSC had a greater emission intensity for XBP1 than cows in PFTN, 
indicating that those mammary cells had an increase in spliced XBP1 isoform protein abundance. 
This result is interesting, as cows in HS have been previously reported to have decreased milk 
protein content compared to cows in pair-fed TN conditions (Cowley et al., 2015; Gao et al., 
2017). However, there was no difference in milk protein concentration between environmental 
treatments for cows in this study (Pate et al., accepted). Although XBP1 intensity was increased 
for cows in HSC, there was no effect of environmental treatment on MIST intensity. Therefore, 
these data suggest that there was no overt increase in cell differentiation in mammary cells from 
cows in HSC. However, further research is warranted regarding mammary cell protein synthesis 
capacity during HS.  
CONCLUSIONS 
  Data from this experiment indicate that postprandial blood sample timing is critical when 
assessing metabolic biomarkers, and that standardization of sample timing should be considered 
among studies utilizing HS models of research in dairy cattle. Additionally, cows in HSC 
displayed marked changes in metabolism, most notably increased insulin, decreased NEFA, 
decreased total AA, and decreased total IAA compared to cows in PFTN. Furthermore, HSC 
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caused immunoactivation, as indicated by increased circulating proinflammatory cytokines and 
positive APP. The authors believe that these inflammatory signals in blood play a crucial role in 
altering the metabolism of cows under HS conditions, and further research on this topic must be 
conducted. Finally, compared to cows in CON, cows in RPM had decreased mammary cell 
apoptosis and decreased mammary cell apoptosis to proliferation ratio during HSC, insinuating 
that cows in RPM had improved cellular protection capacity during a HSC. 
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TABLES AND FIGURE 
 
Table 5.1. Phase 1 baseline means and least squares means of paired differences and associated SEM for plasma AA of Holstein cows in different environmental treatments 
(Env): pair-fed thermoneutral (PFTN) or heat stress challenge (HSC), and fed different dietary treatments as top-dress (Diet): rumen-protected Met (RPM) or no RPM (CON) at 
8 h post-feeding on d 6 of phase 2 for periods 1 and 2 
 Phase 11  Phase 22  P-value3 
Variable4 
CON RPM  
Env  Diet  PFTN HSC 
SEM Env Diet Env×Diet PFTN HSC CON RPM CON RPM CON RPM 
Total AA 1892.6 1891.7  +213.5 -93.0  +33.9 +86.6  +162.4 +264.5 -94.6 -91.3 137.4 0.03 0.69 0.71 
Total BCAA 479.9 474.6  +84.2 -20.3  +29.2 +34.8  +52.2 +116.1 +6.2 -46.7 51.1 0.02 0.91 0.17 
Total IAA 932.2 975.2  +96.1 -110.1  -21.3 +7.3  +40.9 +151.2 -83.6 -136.6 76.0 0.009 0.70 0.27 
Arg 97.6 97.6  +6.6 -3.3  +5.5 -2.1  +8.0 +5.2 +2.9 -9.5 7.5 0.14 0.34 0.48 
His 59.2 53.7  +11.2 0.0  +4.9 +6.3  +10.8 +11.6 -1.0 +1.0 5.8 0.03 0.78 0.92 
Ile 159.9 154.8  +9.4 -2.0  +0.8 +6.5  +1.7 +17.1 0.0 -4.0 12.3 0.33 0.63 0.41 
Leu 154.4 153.8  +70.4 -36.4  +8.9 +25.1  +51.2 +89.6 -33.4 -39.4 27.1 <0.001 0.52 0.38 
Lys 91.4 92.1  +6.9 -2.8  +1.5 +2.7  +8.7 +5.2 -5.8 +0.2 8.5 0.21 0.89 0.54 
Met 31.4 59.4  +1.3 -1.5  -1.0 +0.9  -4.1 +6.8 +2.0 -5.0 10.1 0.76 0.84 0.33 
   Met % Total AA5 1.6 3.3  -0.1 -0.3  -0.1 -0.3  -0.3 0.0 -0.1 -0.7 0.5 0.77 0.63 0.28 
   Met % IAA6 3.3 6.7  -0.5 -0.2  -0.1 -0.6  -0.7 -0.3 +0.4 -0.9 1.0 0.78 0.66 0.39 
Phe 49.9 46.1  +2.8 -0.4  +0.7 +1.6  +2.1 +3.5 -0.7 -0.2 2.9 0.24 0.73 0.89 
Thr 66.6 65.0  +1.8 -2.5  -0.8 +0.1  +1.5 +2.2 -3.0 -2.0 4.5 0.28 0.85 0.96 
Trp 177.5 171.7  +4.2 -0.5  +1.3 +2.4  +2.4 +6.1 +0.2 -1.2 3.4 0.15 0.73 0.44 
Val 258.7 238.3  +13.6 -3.8  +3.3 +6.5  +9.7 +17.4 -3.2 -4.5 12.1 0.14 0.78 0.70 
Total DAA 979.1 918.9  +118.9 +32.8  +73.1 +78.6  +130.0 +107.8 +16.1 +49.4 58.9 0.12 0.93 0.60 
Ala 258.7 238.3  +24.3 +6.2  +22.5 +8.0  +35.3 +13.3 +9.7 +2.8 24.7 0.42 0.56 0.74 
Asn 35.0 32.6  +0.6 +1.7  +0.6 +1.7  -0.3 +1.5 +1.5 +1.9 2.9 0.67 0.72 0.78 
Asp 2.5 2.5  +32.4 +32.9  +33.4 +31.8  +31.9 +32.8 +35.0 +30.8 2.8 0.82 0.60 0.25 
Glu 24.9 25.4  -3.7 -0.1  -1.8 -2.0  -3.6 -3.7 +0.1 -0.2 1.2 0.004 0.87 0.92 
Gln 97.6 97.6  +30.8 +12.2  +21.6 +21.4  +32.5 +29.2 +10.8 +13.6 11.2 0.07 0.98 0.76 
Gly 240.0 221.3  +63.8 +18.4  +33.6 +48.6  +66.3 +61.3 +1.0 +35.9 17.9 0.007 0.42 0.21 
Pro 49.2 46.4  +4.3 +1.0  +2.9 +2.4  +5.0 +3.6 +0.8 +1.1 2.9 0.22 0.86 0.76 
Ser 72.5 66.5  +4.4 +1.6  +1.9 +4.0  +3.8 +5.0 +0.1 +3.1 4.4 0.50 0.62 0.83 
Tyr 71.7 68.0  -6.0 -7.8  -8.0 -5.8  -8.5 -3.5 -7.5 -8.1 4.5 0.67 0.62 0.52 
¹Means of the data for cows in CON or RPM during phase 1 (baseline) in periods 1 and 2 
2Values shown are paired difference values and were calculated for each cow for each period based on the difference between phase 1 baseline means and phase 2 values for 
each variable at 8 h post feeding on d 6 of phase 2 of period 1 and 2. During phase 2 of period 1 and 2, environmental treatments were pair-fed thermoneutral (PFTN) and heat 
stress challenge (HSC), and dietary treatments were rumen-protected Met included with top dress (RPM) or no RPM included with top dress (CON). Top dress vehicle was 300g 
of dried molasses 
3No significant sequence effects (P > 0.10). A period effect was present for Met as a % of total AA (P = 0.04) and Leu ( P = 0.01). 
4All analyses were performed on blood plasma (heparinized). All variable units in µM, unless otherwise specified 
5Met as a % of total AA = Met (µM) / [Total AA (µM) – Met (µM)] 




Table 5.2. Phase 1 baseline means and least squares means of paired differences and associated SEM for blood metabolites of Holstein cows in different environmental 
treatments (Env): pair-fed thermoneutral (PFTN) or heat stress challenge (HSC), and fed different dietary treatments as top-dress (Diet): rumen-protected Met (RPM) or no RPM 
(CON) at two time points post-feeding (4 h and 8 h) as well as their average 
 Phase 11 
 
Phase 22  P-value3 
Variable4 
CON RPM 
Env  Diet  PFTN HSC SEM Env Diet Env×Diet Day 
PFTN HSC  CON RPM  CON RPM CON RPM      
Blood, 4 h post-feeding                   
   PUN, mg/dL5 13.18 13.40  +0.97 +0.62  +0.42 +1.17  +0.68 +1.26 +0.15 +1.08 0.41 0.31 0.10 0.62 0.06 
   Glucose, mg/dL 63.08 63.52  +0.92 +3.23  +2.20 +1.50  +1.63 +0.21 +3.96 +2.52 1.13 0.02 0.26 0.99 0.09 
   NEFA, mmol/L6 0.75 0.63  -0.04 +0.02  -0.02 +0.02  -0.06 -0.10 +0.02 +0.04 0.04 0.10 0.64 0.33 0.009 
   Insulin, µIU/mL 10.0 11.4  -2.7 -0.7  -1.2 -2.3  -2.2 -3.3 -0.1 -1.3 1.0 0.01 0.34 0.95 0.28 
   RQUICKI7 0.38 0.39  +0.03 +0.01  +0.02 +0.02  +0.04a +0.03a 0.00b +0.01b 0.01 <0.001 0.63 0.05 0.60 
Blood, 8 h post-feeding                   
   PUN, mg/dL5 11.42 11.58  -0.66 -0.09  -0.45 -0.27  -0.69 -0.62 -0.25 +0.04 0.47 0.04 0.76 0.70 0.34 
   Glucose, mg/dL 64.18 63.88  +2.88 +3.13  +3.04 +2.94  +3.32 +2.43 +2.83 +3.43 1.14 0.77 0.91 0.39 0.30 
   NEFA, mmol/L6 0.98 0.85  +0.10 +0.01  +0.02 +0.09  +0.05 +0.14 -0.01 +0.03 0.03 0.04 0.22 0.51 0.25 
   Insulin,  µIU/mL 12.3 12.3  -7.7 -0.4  -3.8 -4.3  -6.7a -8.7a -0.9b +0.2b 1.0 <0.001 0.72 0.04 0.71 
   RQUICKI7 0.35 0.36  +0.06 +0.01  +0.03 +0.04  +0.06 +0.07 +0.01 +0.01 0.01 <0.001 0.81 0.14 0.69 
Blood, average8                   
   PUN, mg/dL5 12.33 12.52  +0.21 +0.28  +0.04 +0.45  +0.11 +0.31 -0.04 +0.60 0.39 0.80 0.38 0.43 0.17 
   Glucose, mg/dL 63.61 63.58  +1.75 +2.97  +2.61 +2.12  +2.24 +1.26 +2.97 +2.98 1.02 0.11 0.68 0.51 0.08 
   NEFA, mmol/L6 0.86 0.74  +0.01 +0.02  -0.02 +0.04  -0.04 +0.07 +0.01 +0.02 0.03 0.89 0.11 0.07 0.02 
   Insulin, 	µIU/mL 11.1 11.9  -5.0 -0.5  -2.4 -3.1  -4.2 -5.7 -0.7 -0.4 0.8 <0.001 0.51 0.11 0.31 
   RQUICKI7 0.37 0.37  +0.05 +0.01  +0.03 +0.03  +0.05 +0.05 +0.01 +0.01 0.01 <0.001 0.75 0.99 0.48 
¹Means of the data for cows in CON or RPM during phase 1 (baseline) in periods 1 and 2 
2Values shown are paired difference values and were calculated for each cow for each period based on the difference between phase 1 baseline means and phase 2 values for each 
variable. During phase 2 of period 1 and 2, environmental treatments were pair-fed thermoneutral (PFTN) and heat stress challenge (HSC), and dietary treatments were rumen-
protected Met included with top dress (RPM) or no RPM included with top dress (CON). Top dress vehicle was 300g of dried molasses 
3No significant 3-way interaction (Env×Diet×Day), Diet×Day interaction, Env×Day interaction, or sequence effect; P > 0.10.  A period effect was present for 
PUN (4 h; P = 0.006), glucose (4 h; P = 0.004), NEFA (4 h;  P = 0.006), PUN (8 h;  P < 0.001),  RQUICKI (8 h; ;  P = 0.03), PUN (average;  P < 0.001), glucose 
(average;  P = 0.003) 
4All analyses were performed on blood plasma 
5Plasma urea nitrogen (mg/dL) 
6 Non-esterified fatty acids (mmol/L) 
7Revised quantitative insulin sensitivity check index (RQUICKI) =	{1/[log glucose (mg/dL) + log insulin (µIU/mL) + log NEFA (mmol/L)]} (Perseghin et al., 
2001) 
8Average concentrations of blood metabolites for blood plasma collected at 4 and 8 h post-feeding 
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Table 5.3. Phase 1 baseline means and least squares means of paired differences and associated SEM for blood metabolites of Holstein cows in different environmental 
treatments (Env): pair-fed thermoneutral (PFTN) or heat stress challenge (HSC), and fed different dietary treatments as top-dress (Diet): rumen-protected Met (RPM) or no 
RPM (CON) at 8 h post-feeding 
 Phase 11 
 
Phase 22  P-value3 
Variable4 
CON RPM 
Env  Diet  PFTN HSC 
SEM Env Diet Env×Diet Day PFTN HSC CON RPM CON RPM CON RPM 
Albumin, g/dL 3.66 3.62  -0.03 -0.05  -0.04 -0.04  -0.05ab 0.00a -0.02ab -0.07b 0.02 0.19 0.90 0.004 0.83 
SAA, µg/mL 99 111  -59 +58  -58 +45  -43 -75 +32 +84 42 <0.001 0.84 0.08 0.18 
Haptoglobin, µg/mL 24 23  -3 +33  +12 +18  -3 -2 +27 +38 20 0.02 0.78 0.71 0.15 
LBP, µg/mL 1.50 1.55  -0.27 +0.11  -0.06 -0.11  -0.24 -0.31 +0.12 +0.09 0.17 <0.001 0.81 0.85 0.68 
L-lactate, mM/L 0.40 0.40  -0.06 -0.03  -0.07 -0.02  -0.10 -0.02 -0.04 -0.01 0.04 0.36 0.32 0.57 0.54 
IL-1β, pg/mL5 8.6 13.7  -1.9 +3.9  +0.9 +1.1  -1.4 -2.6 +3.2 +4.6 6.2 0.03 0.98 0.64 <0.001 
¹Means of the data for cows in CON or RPM during phase 1 (baseline) in periods 1 and 2 
2Values shown are paired difference values and were calculated for each cow for each period based on the difference between phase 1 baseline means and phase 2 values for 
each variable. During phase 2 of period 1 and 2, environmental treatments were pair-fed thermoneutral (PFTN) and heat stress challenge (HSC), and dietary treatments were 
rumen-protected Met included with top dress (RPM) or no RPM included with top dress (CON). Top dress vehicle was 300g of dried molasses 
3No significant 3-way interaction (Env×Diet×Day), Diet×Day interaction, or sequence effect; P > 0.10.  An Env×Day interaction was present for albumin (P = 
0.03). A period effect was present for all variables (P = 0.03) 
4All analyses were performed on blood plasma, except for haptoglobin (blood serum) 
5Interleukin-1β (pg/mL) 
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0	 Table 5.4. Least squares means and associated SEM for immunohistochemical markers of  mammary gland tissue harvested from Holstein cows in 
different environmental treatments (Env): pair-fed thermoneutral (PFTN) or heat stress challenge (HSC), and fed different dietary treatments as top-
dress (Diet): rumen-protected Met (RPM) or no RPM (CON) 
 Phase 21  P-value2 
Variable 
Env  Diet  PFTN HSC 
SEM Env Diet Env×Diet PFTN HSC  CON RPM  CON RPM CON RPM 
Apoptotic cells,  
% of total cells3,4 1.3 2.4 
 2.0 1.8  0.7a 2.0b 3.3b 1.5ab 0.9 0.88 0.15 0.03 
Proliferating cells,  
% of total cells4,5 0.4 
0.4  0.3 0.5  0.3 0.6 0.3 0.4 0.1 0.40 0.39 0.34 
Apoptotic cells: 
Proliferating cells4 5.4 
8.6  7.9 6.0  2.6a 8.2bc 13.2c 3.9ab 3.6 0.91 0.33 0.005 
MIST16 1143 1494  907 1730  862 1424 952 2036 594 0.55 0.13 0.20 
XBP16 225 1145  560 811  106 344 1013 1277 408 0.01 0.18 0.10 
1During phase 2 of period 1 and 2, environmental treatments were pair-fed thermoneutral (PFTN) and heat stress challenge (HSC), and dietary 
treatments were rumen-protected Met included with top dress (RPM) or no RPM included with top dress (CON). Top dress vehicle was 300g of dried 
molasses 
2No significant sequence or period effect present (P > 0.10).  
3Apoptotic cells = [total area of apoptotic mammary cells / total area of mammary cells] × 100 
4PFTN (n = 23); HSC (n = 25); CON (n = 24); RPM (n = 24); PFTN/RPM (n = 11); HS/RPM (n = 13); PFTN/CON (n = 12); HS/CON (n 
= 12) 
5Proliferating cells = [total area of Ki-67 antigen expressing mammary cells / total area of mammary cells] × 100 






Pate et al., Figure 5.1. 
 
Figure 5.1.  Bovine mammary tissue from Holstein cows in different environmental treatments: 
pair-fed thermoneutral (PFTN) or heat stress challenge (HSC); and fed different dietary 
treatments as top-dress (Diet): rumen-protected Met (RPM) or no RPM (CON). Samples were 
stained with hematoxylin and eosin (A) and fluorescent staining (B and C) and images were 
captured using a 40× objective lens. Samples were stained with Hoescht 33342 DNA stain (blue; 
B and C) to confirm the presence of a nucleus. Samples were also stained using terminal 
deoxynucleotidyl transferase (TdT)-mediated nick-end labeling (apoptotic cells; green; B), Ki67 
(proliferating cells; red; B), MIST1 (differentiating cells; green; C), and XBP1 (differentiating 
cells; red; C). 
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OVERALL SUMMARY, CONCLUSIONS, AND PERSPECTIVES 
  
Dairy cattle are inevitably faced with stress inducing conditions throughout their 
productive lives. Different types of stressors pose welfare concerns to the dairy industry, and 
have been proven to have negative effects on dairy cattle performance and health, leading to 
economic losses. Understanding how stress effects dairy cows from a biological and productive 
standpoint is crucial in developing approaches to mitigate the deleterious effects of stress. 
Therefore, the overall objective of this thesis was to evaluate two types of stressors in dairy cattle 
production systems, nutrition-related aflatoxin challenge and environment-related heat stress, 
while also assessing nutrition strategies to minimize the negative effects of these stressors.  
In Chapters 2 and 3, we looked at how aflatoxin challenge in dairy cattle effects lactation 
performance and inflammatory markers, while also assessing two separate nutrition-related 
mitigation strategies. In Chapter 2 we explored the use of a trace mineral injection (including Se, 
Cu, Mn, and Zn) as a method of bolstering the antioxidant response in dairy cattle during an 
aflatoxin challenge. We concluded that, although trace mineral injection did not hinder nor 
improve productive responses, it did elicit a positive antioxidant response when an aflatoxin 
challenge was present. In Chapter 3, we evaluated the effects of a supplementation of 
commercially-available aluminosilicate clay as a method of sequestering aflatoxin during a 
challenge. In that chapter, we concluded that aflatoxin negatively impacts milk production, while 
also causing liver inflammation and reduced liver function. However, the use of an 
aluminosilicate clay in the diet positively impacted milk production, aflatoxin transference, and 
liver inflammation. 
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In Chapters 4 and 5 we evaluated how a heat stress challenge effects lactation 
performance, physiological parameters, metabolism, and inflammation in dairy cattle, while also 
assessing the impacts of rumen-protected methionine supplementation during this time. In 
Chapter 4 we concluded that heat stress challenge altered lactation performance, physiological 
responses, and behavior in dairy cattle. Additionally, feeding rumen-protected methionine 
improved milk composition during a heat stress challenge, primarily as a result of higher milk fat 
and milk protein concentrations. In Chapter 5, we concluded that heat stress challenge caused 
marked changes in metabolism and inflammatory biomarkers in blood. Most notably, cows 
undergoing a heat stress challenge experience reduced insulin sensitivity, as well as increased 
concentrations of pro-inflammatory cytokines and positive acute phase proteins in blood. 
Furthermore, we found that rumen protected methionine aided in the preservation of mammary 
cells during immunoactivation, as cows receiving rumen protected methionine during heat stress 
challenge had reduced mammary cell apoptosis.  
Although studies herein provide data that can be immediately used within the dairy 
industry, future research is needed. First off, it is of great interest to understand how duration of 
stressor challenge (i. e., acute or chronic) affect dairy cattle differently. For instance, determining 
whether long-term dosage of aflatoxin effects performance and immune health differently than 
short-term dosage is of interest. Secondly, the effects of varying severities of stressor challenge 
on dairy cattle are not largely know. Specifically, it is unclear how mild, moderate, or severe heat 
stress effect physiological and immunological aspects of dairy cattle. Finally, as our 
understanding of these stressors increase, it will become increasingly important to know how 
they interact with one another. Therefore, studies with compounded stressors (i. e., aflatoxin 
challenge in heat stress conditions) should be conducted. 
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APPENDIX A. SUPPLEMENTAL MATERIALS FOR CHAPTER II 
RNA Extraction and Quality Evaluation 
 Total RNA was extracted using QIAzol® Lysis Reagent (Qiagen, Hilden, Germany). A 
total of 50 mg of tissue was placed in 1 mL of QIAzol®, homogenized with a Bead Beater 16 
(BioSpec, Bartlesville, OK) using two 30-sec cycle of the homogenizer at full speed, and placed 
on ice after every homogenization for one minute. Homogenized samples were centrifuged for 
10 min at 12,000 g and 4 ºC to remove any remaining cell debris. Chloroform was then added to 
homogenized sample, centrifuged for 15 min at 12,000 g and 4 ºC, and aqueous phase carefully 
removed. Precipitation of RNA was achieved with the addition of ethanol (Decon Labs, Inc., 
King of Prussia, PA), and the subsequent RNA pellet was washed and cleaned using miRNeasy 
mini spin columns (Qiagen, Hilden, Germany). Genomic DNA was removed from RNA during 
purification with RNase-Free DNase Set (Qiagen, Hilden, Germany). The RNA concentration 
was measured using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies), while 
RNA quality was assessed using a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA).  
All samples had an RNA integrity value greater than 6.0. 
mRNA cDNA Synthesis and qPCR Performance 
Eleven genes were selected for transcript profiling in liver tissue; albumin (ALB), 
ceruloplasmin (CP), cytochrome P450-1A2 (CYP1A2), glutamate dehydrogenase (GLUD1), 
glutathione peroxidase (GPX1), haptoglobin (HP), malate dehydrogenase (MDH2), nuclear 
factor kappa B (NFKB1), superoxide dismutase (SOD2), signal transducer and activator of 
transcription (STAT5A), and tumor necrosis factor α (TNFA). A portion of the RNA was diluted 
to 100 mg/L using DNase/RNase free water prior to reverse transcriptase. cDNA was 
synthesized using 100 ng RNA, 1 µg dT18 (Operon Biotechnologies, Huntsville, AL), 1 µL 10 
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mmol/L dNTP mix (Invitrogen Corp., CA), 1 µL random primers (Invitrogen Corp., Carlsbad, 
CA), and 10 µL DNase/RNase free water. The mixture was incubated at 65 °C for 5 min and 
kept on ice for 3 min. A total of 6 µL of master mix composed of 4.5 µL 5X First-Strand Buffer, 
1 µL 0.1 M DTT, 0.25 µL (50 U) of SuperScriptTM III RT (Invitrogen Corp., Carlsbad, CA), 
and 0.25 µL of RNase Inhibitor (10 U, Promega, WI) was added. The reaction was performed in 
an Eppendorf Mastercycler® Gradient using the following temperature program: 25 °C for 5 
min, 50 °C for 60 min and 70 °C for 15 min. cDNA was then diluted 1:4 (v:v) with 
DNase/RNase free water. 
Quantitative PCR (qPCR) was performed using 4 µL diluted cDNA combined with 6 µL 
of a mixture composed of 5 µL  SYBR Green master mix (Applied Biosystems, Foster City, 
CA), 0.4 µL each of 10 µM forward and reverse primers, and 0.2 µL DNase/RNase free water in 
a MicroAmp™ Optical 384-Well Reaction Plate (Applied Biosystems, Foster City, CA). Each 
sample was run in triplicate and a 6 point relative standard curve plus the non-template control 
(NTC) were used (User Bulletin #2, Applied Biosystems, Foster City, CA). The reactions were 
performed in an ABI Prism 7900 HT SDS instrument (Applied Biosystems, Foster City, CA) 
using the following conditions: 2 min at 50 °C, 10 min at 95 °C, 40 cycles of 15 s at 95 °C 
(denaturation) and 1 min at 60 °C (annealing + extension). The presence of a single PCR product 
was verified by the dissociation protocol using incremental temperatures to 95 °C for 15 s plus 
65 °C for 15 s.  Data were calculated with the 7900 HT Sequence Detection Systems Software 
(version 2.2.1, Applied Biosystems, CA). The extraction and qPCR analysis were performed 
using previously established protocols at Dr. Loor’s Lab at the University of Illinois. The final 
data were normalized using the geometric mean of 3 internal control genes: GAPDH, RPS9, and 
UXT (Khan et al., 2015).  
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APPENDIX B. SUPPLEMENTAL MATERIALS FOR CHAPTER III	
RNA Extraction and Quality Evaluation 
Total RNA was extracted using QIAzol Lysis Reagent (Qiagen, Hilden, Germany). A 
total of 50 mg of liver tissue was placed in 1 mL of QIAzol, homogenized with a Bead Beater 16 
(BioSpec, Bartlesville, OK) using two 30-s cycle of the homogenizer at full speed, and placed on 
ice after homogenization for 1 min. Homogenized samples were centrifuged to remove any 
remaining cell debris. Chloroform was then added to homogenized samples, centrifuged and 
aqueous phase carefully removed. Precipitation of RNA was achieved with the addition of 
ethanol (Decon Labs, Inc., King of Prussia, PA), and the subsequent RNA pellet was washed and 
cleaned using miRNeasy mini spin columns (Qiagen, Hilden, Germany). Genomic DNA was 
removed from RNA during purification with RNase-Free DNase Set (Qiagen, Hilden, Germany). 
The RNA concentration was measured using a NanoDrop ND-1000 spectrophotometer 
(NanoDrop Technologies), while RNA quality was assessed using a 2100 Bioanalyzer (Agilent 
Technologies, Santa Clara, CA).  All samples had an RNA integrity value greater than 6.0.   
mRNA cDNA Synthesis and qPCR Performance 
Nine genes were selected based on metabolic and immunological function for transcript 
profiling in liver tissue: albumin (ALB), cytochrome P450-1A2 (CYP1A2), glutamate 
dehydrogenase (GLUD1), haptoglobin (HP), malate dehydrogenase (MDH2), mechanistic target 
of rapamycin (MTOR), nuclear factor kappa B (NFKB1), signal transducer and activator of 
transcription (STAT5A), and tumor necrosis factor α (TNFA). A portion of the RNA was diluted 
to 100 mg/L using DNase/RNase free water prior to reverse transcriptase. Complementary DNA 
was synthesized using 100 ng RNA, 1 µg dT18 (Operon Biotechnologies, Huntsville, AL), 1 µL 
10 mmol/L dNTP mix (Invitrogen Corp., CA), 1 µL random primers (Invitrogen Corp., Carlsbad, 
CA), and 10 µL DNase/RNase free water. The mixture was incubated at 65 °C for 5 min and 
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kept on ice for 3 min. A total of 6 µL of master mix composed of 4.5 µL 5X First-Strand Buffer, 
1 µL 0.1 M DTT, 0.25 µL (50 U) of SuperScriptTM III RT (Invitrogen Corp., Carlsbad, CA), 
and 0.25 µL of RNase Inhibitor (10 U, Promega, WI) was added. The reaction was performed in 
an Eppendorf Mastercycler Gradient using the following temperature program: 25 °C for 5 min, 
50 °C for 60 min, and 70 °C for 15 min. Complementary DNA was then diluted 1:4 (v:v) with 
DNase/RNase free water. 
Quantitative PCR (qPCR) was performed using 4 µL diluted cDNA combined with 6 µL 
of a mixture composed of 5 µL SYBR Green master mix (Applied Biosystems, Foster City, CA), 
0.4 µL each of 10 µM forward and reverse primers, and 0.2 µL DNase/RNase free water in a 
MicroAmp™ Optical 384-Well Reaction Plate (Applied Biosystems, Foster City, CA). Each 
sample was run in triplicate, and a 6-point relative standard curve plus the non-template control 
(NTC) were used (User Bulletin #2, Applied Biosystems, Foster City, CA). The reactions were 
performed in an ABI Prism 7900 HT SDS instrument (Applied Biosystems, Foster City, CA) 
using the following conditions: 2 min at 50 °C, 10 min at 95 °C, 40 cycles of 15 s at 95 °C 
(denaturation), and 1 min at 60 °C (annealing + extension). The presence of a single PCR 
product was verified by the dissociation protocol using incremental temperatures to 95 °C for 15 
s plus 65 °C for 15 s.  Data were calculated with the 7900 HT Sequence Detection Systems 
Software (version 2.2.1, Applied Biosystems, CA). The extraction and qPCR analysis were 
performed using previously established protocols by J. J. Loor (University of Illinois, Urbana-
Champaign, IL, unpublished). The final data were normalized using the geometric mean of 3 
internal control genes: GAPDH, RPS9, and UXT (Khan et al. 2015). 
	
